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IMPROVING ENGINE PERFORMANCE BY EXHAUST 
PIPE TUNING. 


By P. H. Scuwerrzer, Lt. ComManner, U.S.N.R. 


Perhaps the most neglected phase of two-stroke cycle engine 
design pertains to the exhaust systems. This neglect is fully 
reflected in the almost complete absence of American literature 
on the subject. This is the more deplorable as a properly 
designed exhaust system does not usually involve added weight 
or added complications and yet it improves engine performance 
all around. Even engines already installed could be improved 
by “tuning” their exhaust. Exhaust system design with regard 
to pressure waves is now in a status analogous to that of crank- 
shaft design 20 years ago with regard to torsional vibrations. 
Considerable information has been discovered, but it has not 
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spread widely enough and is generally ignored by the practical 
designers and installation men. 

To be on the “safe” side, exhaust pipes are frequently over- 
sized. But an oversize exhaust pipe is no better guarantee 
against undesirable synchronism than an oversize crankshaft is. 
Synchronism in torsional vibrations results in crankshaft break- 
age. Synchronism in pressure waves results in poor scavenging, 
reduced air charge, low power output, high fuel consumption 
and high exhaust temperatures. By avoiding the “criticals” the 
crankshaft is safe from torsional failure. By avoiding syn- 
chronism of pressure waves with engine speed we avoid poor 
filling of the cylinder and resultant power loss. But we can 
go one better by harnessing the pressure waves of appropriate 
frequency and thereby gain powerful assistance in scavenging 
and charging the cylinder. The result is higher output, lower 
fuel consumption, lower exhaust temperatures, lower piston and 
cylinder head temperatures, reduced maintenance and longer 
life. The difference between a well tuned and poorly tuned 
exhaust system is sometimes 30 per cent in engine output. 

The exhaust system is frequently evaluated on the basis of 
the exhaust back pressure. But the exhaust back pressure as 
read on a manometer or pressure gauge attached to a certain 
point of the exhaust pipe is not significant because the actual 
pressure at any one point fluctuates during the cycle and the 
reading is only a rough average. Yet it is not this average 
which controls the charging and scavenging but the actual 
pressures during the scavenging period. The engine which has 
low (still better, sub-atmospheric) exhaust pressures during most 
of the scavenging period will give a better performance than 
one with high exhaust pressures, although the manometer read- 
ing of the exhaust pressure’ may be the same. 

If no exhaust pipe were used, evidently the pressure at the 
exhaust opening would constantly be atmospheric. If a pipe is 
used, the sharp impulse initiated when the high pressure cylinder 
gases are put in communication with the exhaust pipe, sets up 
pressure waves of appreciable magnitude which travel back and 
forth in the pipe with the velocity of sound. The pressure 
next to the exhaust opening will rise and fall in accordance with 
the natural frequency of the system but with declining ampli- 
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tudes until a new impulse from the subsequent opening of the 
exhaust is superimposed on the existing pressure waves. The 
effect of these pressure fluctuations on the scavenging and 
charging process may be favorable or unfavorable, depending 
on the timing of the waves, which, in turn, depends on the 
geometry of the exhaust system. 

It is easy to see that if the natural frequency of the exhaust 
column is exactly equal to the number of engine revolutions 
per second, the pressure wave will so adjust itself that the rise 
will regularly coincide with the exciting impulse. This is 
undesirable, as it makes the pressure peaks in the exhaust duct 
coincide with the opening of the exhaust. The pressure wave 
will “buck” the exhaust and also the subsequent intake. The 
same will happen if the natural frequency of the exhaust is 
twice the revolutions per second. 


In order to secure favorable exhaust conditions the period of 
natural oscillations should approximately equal the scavenging 
period. A partial vacuum will then exist during the latter part 
of the scavenging period, which is very helpful in drawing fresh 
air into the cylinder through the intake port. The depression 
should taper out when approaching exhaust closure, so that 
the scavenged cylinder may then fill up with fresh air rather 
than have this air sucked out again by the exhaust pipe vacuum. 

Figure 1 shows three pairs of weak-spring indicator diagrams 
taken near the exhaust ports and in the crankcase of a crank- 
case-scavenged engine. The first pair shows unsatisfactory 
scavenging. Since the pressure never drops below 0.4 pounds 
per square inch gauge during the whole scavenging period, the 
scavenged air cannot expand lower than to this value. Only after 
the closing of the ports does the pressure in the crankcase drop 
sufficiently to draw in fresh air from the outside. The pressure 
drop between crankcase and exhaust port is small or negative 
during the second half of the charging period which resulted 
in poor volumetric efficiency. 

The third (bottom) pair of diagrams show very good scav- 
enging. Note the vacuum at the exhaust near port closure. 
This causes a corresponding vacuum in the crankcase. The 
effect is that fresh air from the outside is drawn vigorously 
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through the engine. The absolute exhaust pressure begins to 
rise when the piston is approaching port closure and depression. 
That helps to fill up the cylinder by the ramming effect of 
the air. The resulting high volumetric efficiency raised the 
thermal efficiency from 0.222 in the top diagrams to 0.252, an 
increase of 13.5 per cent. In the middle pair of diagrams condi- 
tions are in between. The only difference in the engine condi- 
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tions represented by the diagrams was in the tuning of the 
exhaust system. 

It may be in order to point out here that the “tuning” of the 
exhaust system depends primarily on its geometry, that means 
on the length and diameter of the exhaust pipes and on the 
volume of the various containers attached or interposed in the 
exhaust system. If an exhaust system is tuned it stays tuned 
irrespective of load and operating conditions. The only excep- 
tion is a change in speed. An engine can be tuned for one 
speed only, and, therefore, tuning has the greatest significance 
for constant speed engines. Variable speed engines should be 
tuned to the speed at which optimum performance is desired. 
This may be the most common operating speed or the speed 
of maximum power output. 

Being aware of the importance of the exhaust tuning, the 
practical problem is how to create favorable exhaust conditions 
for a given engine at a given speed. Three methods will be 
described in this article: 1. Performance test method; 2. Analy- 
tical method; 3. Pressure indicating method. Often a combi- 
nation of the methods will be found advantageous. 


PerRFORMANCE Test METHOD. 


Exhaust tuning affects such important performance charac- 
teristics as maximum power output, specific fuel economy, air 
delivery and exhaust temperature. In a most direct method, 
therefore, we would measure some such performance character- 
istics while the tuning of the exhaust system is being varied. 
Then we select the tuning which gives best engine performance. 

This method can be applied very successfully to a small 
engine. Belilove (Ref. 1) measured the air delivery ratio 
(volume of air delivered to the cylinder divided by the piston 
displacement) and the power output of a 3/4 Hp. Evinrude 
outboard engine while he varied the length of the 3/4 inch 
exhaust pipe (inside diameter 13/16 inch), and obtained Figure 
2 (6). It was simple to conclude that a 28 inch long pipe was 
the best for that engine at 2800 Rpm. 

For large engines it is not always feasible to measure power, 
air consumption or specific fuel consumption because of lack 
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of equipment. The measuring of the exhaust temperature alone 
without power measurement is inadequate. Making numerous 
changes on a bulky exhaust system is costly and time-consuming. 
Another unattractive feature of this method is that one or two 
measurements do not disclose how near the system is to optimum 
tuning and in which direction the optimum will be found. 
Therefore, the principal role of this method lies in checking 
the results obtained by other means. 


AnatytTicaL Meruop. 

Taking advantage of such theoretical work as was done by 
Schmidt (Ref. 2) and Zeman (Ref. 3) in Germany, and Farmer 
(Ref. 4) and Mucklow (Ref. 5) in England, the problem of 
exhaust tuning can be made accessible to analytical calculations. 
In this manner the exhaust system can be tuned before it is 
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built, saving much time and expense. In the following, methods 
of calculating exhaust systems are to be presented in a simplified 
manner, ignoring the derivations of the formulae and preceding 
theoretical work. 

The frequency of the gas column oscillations in the exhaust 
system is determined primarily by the length of the exhaust 
pipe and secondarily by its diameter and the volumes interposed 
in the system. Therefore, it is reasonable to start the calcu- 
lations by selecting the diameter of the main exhaust pipe. If 
the exhaust pipe cross section is inadequate the exhaust will be 
throttled irrespective of its tuning. If it is too large, the ampli- 
tude of the pressure waves will be small and the effect of tuning 
will thereby be minimized. That is an advantage if the tuning 
is incorrect but a disadvantage if it is correct. The tendency in 
the past has been to use oversized exhaust pipes for two-stroke 
cycle engines, presumably just to be on the safe side and avoid 
the effects of the “incalculable” pressure waves. 

There is little beyond thumb rules to guide us in the selection 
of the diameter of the exhaust pipe. To avoid throttling, the 
gas velocity in the pipe or duct must be lower than in the 
exhaust ports, preferably a third less. In multi-cylinder engines 
the gas velocity in the common header or exhaust pipe should 
be still lower. Burgess Battery Co., makers of exhaust snubbers, 
recommend 50 feet per second for crankcase scavenged engines; 
from 65 to 115 feet per second for low-speed (up to 350 Rpm.) 
separately scavenged engines; from 100 to 150 feet per second 
for medium-speed (350 to 1200 Rpm.); and from 135 to 165 
feet per second for high-speed (above 1200 Rpm.) two-stroke 
cycle engines. In calculating the conduit size from the per- 
missible gas velocities, it must be taken into account that the 
volume of the exhaust gas is about double the volume of the 
intake air, based on the ratio of absolute temperatures. 

Example: A 16-cylinder 8-1/2x10-inch 800 Rpm. engine has 
an air-delivery ratio of 1.325 and a gas temperature (in the 
exhaust pipe) of 500 degrees F. at full load. What is the 
required size for the exhaust pipe? The exhaust gas volume is 


5 _ 00 
1.32516X at KOK een Koes 


1728 460+-150 
cubic feet per minute. 
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Allowing an average gas velocity of 150 feet per second, the 
cross section of the common exhaust pipe must be 


__ 87001728 

~ 6015012 

so that the inside diameter of the conduit is to be 13.3 inches. 

The next standard pipe size is 14 inches nominal inside diameter. 

After the size of the exhaust pipe has been selected, its tuning 

will be effected by adjusting its length and the volumes inter- 

posed in the system. The controlling factor in the calculations 
is the natural frequency of the pressure waves. 


=139 square inches 


PressuRE WaAVES. 


The pressure waves in the exhaust pipes are similar to the 
sound waves in organ pipes and are controlled by identical 
laws. In a plain pipe closed at both ends the period of the 
pressure waves is 2 L/a where L is the length of the pipe and 
a is the velocity of the sound in the gas. The value of a varies 
with the gas temperature according to the formula 


a=Cy\/k p v=C\/k RT 


where k is the ratio of the specific heats of the gas, p, v, and T 
its mean pressure, specific volume and absolute temperature in 
the pipe, and C a constant which decreases in straight line 
relationship inversely as the bore of the pipe. According to 
the most recent determinations (Ref. 1) Figure 3 represents the 
velocity of pressure propagation in pipes with average com- 
position of exhaust gas for various mean exhaust gas temper- 
atures and pipe diameters. The statement on page 189 that the 
tuning is independent of the load needs correction in so far that 
a change in load changes the exhaust temperature which changes 
to some extent the propagation velocity of the pressure wave. 
For an exhaust system consisting of a single pipe of uniform 
cross section attached at one end of the exhaust ports, the other 
end being open to the atmosphere, the period of gas column 
vibration is about double, that means 4 L/a. The reason for 
this is that the pressure wave is reflected at the open end of the 
pipe with sign reversed. The period of this negative wave is 
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also 2 L/a and, therefore, the total time of the complete cycle 
is 4 L/a. 
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In calculation of pressure waves in pipes it is customary to 
replace the oscillating system with a pipe of length L, of uniform 
cross section closed at both ends which has the same frequency 
or period as the oscillating system. This is called the equivalent 
pipe length. For a plain exhaust pipe of uniform cross section 
throughout and open to the atmosphere, the equivalent pipe 


length is L.=2(L-+Cr) 


where L is the actual length of the pipe and Cr the so-called 
Raleigh correction. Since the reflection does not take place 
exactly at the open end, an additional length roughly equal to 
0.4 times the inside diameter of the pipe is added to the actual 
pipe length. Except with very short pipes the Raleigh cor- 
rection is relatively small and may be neglected, therefore A 

(1) L.==2L 

Using the convenient concept of the equivalent pipe length, 
the complete natural period of the vibration of the gas column 
always is 

21. 


(2) i : 


Consequently, if the exhaust port of the engine is connected 
through a plain pipe of the length L to the atmosphere, the 
period of the exhaust column vibration will be t=4 L/a. 

Example: The single cylinder 1-3/8 inches x 1-3/8 inches 
Evinrude engine mentioned above has (see Ref. 1) its exhaust 
ports open at 107 degrees after top center and closed at 253 
degrees top center, therefore a port opening period of 146 
degrees. The 13/16 inch i.d. exhaust pipe is directly attached 
to the exhaust ports. What will be the worst length for the 
exhaust pipe and what will be the best for 2800 Rpm? 

Assuming a mean temperature of 175 degrees F. in the exhaust 
pipe, Figure 3 gives a propagation velocity of 14,700 inches 
per second. 

The worst gas column frequency will be the one which is 
equal to the engine frequency, whose period is 

» Oe 

2800 ~——— 465 
The equivalent pipe length which gives this frequency to the 





second 


tw 








IMPROVING ENGINE PERFORMANCE. 195 


system is from Equation (2) 








a te 147000 : . 
Lw= 5 mab 5°2 anaemia inches 
The actual pipe length will be from Equation (1) 
ew 5 . . 
Lw= “5 dit . =79.25 inches 


Referring to Figure 2 we note that the power and air delivery 
curves take at 80 inch pipe length a steep dive. 

The best gas column frequency should be the one which 
gives a period equal to the port opening period. The latter is 


146 60 








1 
c=—3 2900 > 111 om 
The equivalent pipe length is 
at, 13800 ‘ 
— —- — 2 . 
be 5 D111 62 inches 


(The lower propagation velocity of 13,800 inches per second 
corresponds to the lower mean exhaust gas temperature of 125 
degrees F. which is more likely with optimum tuning.) The 
best actual pipe length then is 


=31 inches 





62 
L= 2 
Inspecting Figure 2, we find this value to check with the maxi- 
mum power and air delivery. 


Frequently the location of the engine is such that the desir- 
able pipe length is not sufficient to reach the outside atmosphere. 
In such case a large exhaust pit or expansion chamber can be 
used in place of the atmosphere at the end of the exhaust pipe, 
and the expansion chamber can be connected to the atmosphere 
by a tail pipe. The length of the latter is immaterial and will 
have no effect on the pressure waves in the primaty exhaust 
pipe, provided that its cross section is large enough co keep the 
pressure in the expansion chamber substantially atmospheric. 
A rule will be given later in the text for the size of the expansion 
chamber and the minimum diameter of the tail pipe. 
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However, ordinarily the exhaust pipe does not connect to the 
exhaust ports directly, but a duct, sleeve or chamber of a 
certain volume is placed between the exhaust ports and the 
exhaust pipe. The arrangement is shown in Figure 4 (a) when 
the exhaust connects directly into the open and Figure 4 (b) 
when it connects into an expansion chamber. The volume V, 
next to the exhaust ports will affect the exhaust tuning in either 
case and we will refer to it as the “exhaust pot” even if it con- 
sists only of a small enlargement over the exhaust pipe cross 
section. The size of the expansion chamber V, and tail pipe 
does not affect the tuning if both are large enough to keep the 
pressure in the expansion chamber substantially atmospheric. 

The equivalent pipe length of such a system has been calcu- 
lated by Thomas Schmidt (Ref. 2) and can be expressed by 
the following formula: 


J 9g 
| a nV, 


where L is the actual, L, the equivalent pipe length, A is the 
cross sectional area of the exhaust pipe and V, the volume of 
the exhaust pot close to the engine. Chart, Figure 5, shows the 
relation in graphical form. 

It will be noted that equivalent pipe length (and therefore, 
the natural frequency of the exhaust system) is determined not 
by the pipe length alone, but also by its cross section and the 
volume between the engine and the exhaust pipe. Even a small 
volume V, increases the equivalent pipe length considerably. 
For instance, in the example treated above an exhaust pot of 
only 26 cubic inches between the engine and a 25 inch exhaust 
pipe will increase the equivalent pipe length from 51 inches 
to 121 inches. 

In using Formula (3) or Chart 5, the exhaust pot volume V, 
should include any enlargement found beyond the exhaust port 
such as ducts, sleeves, etc., but only the volume in excess of 
the corresponding exhaust pipe should be counted. The actual 
exhaust pipe length should be counted from the cylinder to the 
atmosphere or the large expansion chamber, and to that the 
Raleigh correction of 0.4XI.D. may be added. 

Example: A 7.911.8-inch, one cylinder, 18-Hp. crankcase- 





(3) tan 
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scavenged engine operating normally at 370 Rpm. has an exhaust 
opening period of 136 degrees crank angle. The exhaust ports 
connect directly into an exhaust pot of 2000 cubic inch volume. 
From this an exhaust pipe of 5.35 inches I.D. leads to the 
atmosphere. What is the worst exhaust-pipe length, and what 
is the best? 

The worst frequency is that equal to the engine frequency 
which corresponds to a period of 


60 








tes ia ee ond 
re = Ey 
The corresponding equivalent pipe length is from Formula (2) 
a tw 
| Fa 5 


With an estimated mean exhaust gas temperature of 210 F., the 
propagation velocity of the pressure waves from Figure 3 is 
14,900 inches per second and, therefore, 
14900 

L=3X615 
The ratio V,/A=2000/22.5=89 inches, which gives through 
Chart 5 an actual pipe length of 515 inches less 0.45.35=2.14 
inches Raleigh correction, therefore 


Lw=513 inches 


This would be the worst pipe length. 
The best frequency is that which corresponds to the period 
of exhaust duration, which is 


t ABS. AEA BLP aI 
*~ 6370 16.33 


and the corresponding equivalent pipe length 


1 a ty 14900 s 
L.= 5 =3x1633 °° inches 


Chart 5 gives now with the same V,/A=89 inches, 150 inches 
and applying again the Raleigh correction 


L.=148 inches 


=1210 inches 





as the best pipe length. 
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It so happens that Schmidt has tried out a number of pipe 
lengths with the above engine and accurate records were taken. 
He found a 490 inch pipe length very bad and a 132 inch length 
very good. This shows that the calculation is not perfect, 
probably because of the uncertainty of estimating the mean 
exhaust temperature of the line, the existence of residual pressure 
waves and other minor factors. Nevertheless, with a simple 
exhaust system the calculation can be depended on to give fairly 
close results. 


Larce Expansion CHAMBER. 


The above calculation is correct for an exhaust system such 
as shown schematically on Figure 4 where the main exhaust pipe 
connects to the atmosphere or to an expansion chamber suf- 
ficiently large to maintain substantially atmospheric pressure at 
the end of the exhaust pipe. This expansion chamber ordinarily 
connects through a tail pipe to the atmosphere and this tail pipe 
must be, of course, of such size as to prevent throttling of the 
exhaust gases. The following rules should help to select the size 
of the tail pipe and of the expansion chamber: 


The manometric back pressure in the expansion chamber 
should not exceed 10 inches water. The pressure drop per 100 
feet of pipe can be expressed as 


a 
h=7330 d° 


where Q is the volume of the exhaust gas cubic feet per minute, 
d the diameter of the tail pipe in inches and L its length in feet. 


inches water 


For the size of the expansion chamber we set the arbitrary 
requirement that it should not change the natural period of the 
exhaust system by more than 5 per cent. Conforming to this 
requirement Figure 6 shows the minimum ratios V./V,, for 
various pipe lengths and V,/F ratios. Accordingly the secondary 
exhaust pot or expansion chamber must be at least about 10 
times larger than the primary exhaust pot in order to be equiv- 
alent to the atmosphere and permit the use of formula and 
chart shown in Figure 5. 
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l=LENGTH OF EXHAUST PIPE, IN. 
FeCROSS SECTION OF EXHAUST PIPE, SQ IN. 
Vp: VOLUME OF EXHAUST POT NEXT TO EXHAUST PORT, CU WN. 
Ve= VOLUME OF SECONDARY EXHAUST POT, CU W. 
@ = SOUND VELOCITY IN EXHAUST COLUMN 

ASSUMED 17 800 IN. PER SEC 1480 FT PER SEC 

(THIS IS TRUE FOR 464°F) 
Z:PERIOD OF EXHAUST COLUMN VIBRATION, SEC 


FOR GIVEN VALUE OF “yf AND L, ORDINATE SHOWS MINIMUM VALUE 
oF ‘Ap SO THAT PERIOD DIFFERS NO MORE THAN 5 PER CENT FROM 
THE VALUE OBTAINED wiTH 6 $+ 
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Figure 6.—CuHart SHOWING SELECTION OF SIZE OF EXPANSION CHAMBER. 


SMALL ExpANSION CHAMBER. 


When secondary exhaust pot or expansion chamber is rela- 
tively small (see Figure 7), it will affect the natural frequency 
of the oscillating system. Schmidt (Ref. 2) developed the cal- 
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culation for this case also and the resulting formula is as follows: 
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This formula is rather complicated and its use is preferably 
avoided by increasing the relative size of V>. 

Another system is shown in Figure 8 with a single exhaust 
pot in the middle of the exhaust pipe, for which the following 
equation is valid: 
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Figure 7.—Exuaust SysteM INcLUDING A RELATIVELY SMALL EXPANSION 
CHAMBER. 
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Example: In Figure 9, four pressure diagrams of the exhaust 
pipe are shown, presenting successively deteriorating tuning. 
The only variable in the setup was the size of the expansion 
chamber V.. In order to equal the performance with no expan- 
sion chamber, Schmidt had to supply an expansion chamber of 
0.6 m°=36,000 cubic inches. According to Chart 6 the expan- 
sion chamber would have to be 17 times the primary exhaust 
pot or 172000 cubic inches=34,000 cubic inches, which checks 
closely with the experimental value. By reducing the secondary 
volume to 13,300, 8600 and 1840 cubic inches respectively, dia- 
grams b, c and d were obtained and performance deteriorated, 
as it is shown by the indicated figures on specific fuel con- 
sumption and exhaust temperature. The power output was kept 
substantially constant during the series. 
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Ficure 9.—INpIcaATor D1aGRAMS SHOWING THE EFFECT OF SIZE OF EXPANSION 
CHAMBER. 
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DovuBLInG THE PERIop. 

If the optimum exhaust pipe length is too short for structural 
reasons, even when used in conjunction with an expansion 
chamber, favorable results can also be obtained by multiplying 
the equivalent pipe length by two. 

Example: A 1215 inch, 367 Rpm. crankcase scavenged engine 
had an 8 inch I.D. exhaust pipe discharging into the open. It 
had a 78-1/2 inch long muffler, close to the engine, with a 
volume of 8550 cubic inches. The average exhaust gas tem- 
perature was estimated at 464 degrees F. and the exhaust per 
opening period 135 degrees crank angle. 

The exhaust-pipe cross section was 8*7/4=50.3 square inches. 
Since the muffler was in the line, the replaced pipe volume 
50.3<78.5=3950 cubic inches had to be deducted, giving an 
effective exhaust pot volume of V,—8550—3950=4600 cubic 
inches and V,/A=4600/50.3=91.5 inches. 

The worst frequency is the one equal to the engine frequency, 
which had a period of tw=60/367=1/6.125 second. With a 
sound velocity of 17,800 inches per second, the equivalent pipe 
length is 
ate 17,800 

es eT es 


From Formula 3 the actual pipe length corresponding to this 
with V,/A=91.5 inches is 


L~=640 inches 





| =1452 inches 


This would be the worst pipe length. For best pipe length 
the required period is 


b= 3 second 
"6X 367 «(16.25 > 


which would give an equivalent pipe length of 


a te 17,800 








= =550 inches 


2 216.25 
or an actual pipe length of 190 inches, which was too short to 
reach from the building to the open; therefore, the equivalent 
pipe length is doubled, making 1100 inches. With this the 
actual pipe length turns out to be 460 inches as most favorable. 
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According to tests made by K. C. Whitefield (Ref. 6) on this 
engine, the worst pipe length was 600 inches and the best 456 
inches, which is very good agreement, indeed. 


MULTICYLINDER ENGINES. 

The above formulae are strictly applicable only for either 
single cylinder engines or multicylinder engines with individual 
exhaust pipes to the atmosphere or to a large expansion chamber. 
The last arrangement is quite common with an exhaust pit under 
the floor into which the individual exhaust pipes connect. If 
the volume of the exhaust pit exceeds the size determined by 
Figure 6, and it connects with a large enough tail pipe to the 
open, the multicylinder engine can be treated as so many single 
cylinder engines as far as exhaust tuning is concerned. 

Frequently, however, the individual exhaust pipes combine by 
tee’s or Y’s before reaching the atmosphere or expansion 
chamber. In other cases no individual exhaust pipes are used at 
all, only a common header or exhaust manifold. These cases 
are not easily accessible to calculation because the exhaust im- 
pulse from one cylinder interferes with the residual pressure 
waves set up by another cylinder. To evade this difficulty the 
exhaust manifolds sometimes combine not more than two or 
three cylinders the firings of which are at least 120 degrees 
crank angle apart and these manifolds in turn are led into an 
exhaust pit or expansion chamber. The complication of such 
an arrangement with a large number of cylinders is readily 
understandable. 

When exhaust headers or manifolds are used in a multi- 
cylinder engine, it is advisable not to depend on calculations 
alone for tuning. The indicating method on the other hand 
is applicable to any number of cylinders and its intelligent 
use should pay handsome dividends. 


InpicaTiING Mertuop. 

It was pointed out that the pressure record near the exhaust 
port of a well tuned exhaust looks like Figure 9 a, where we see 
a nice negative loop ending at about the exhaust closure. Less 
good tuning is shown in diagram 4, where the negative loop is 
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still pronounced but ends a little too early. In diagram c the 
negative loop almost vanished during the scavenging period, but 
the worst tuning is shown by diagram d, where positive pressure 
persists during the whole scavenging period. 

Therefore, if reliable pressure diagrams of the exhaust of each 
cylinder are available, by their inspection the quality of the 
exhaust tuning can easily be determined. If the tuning is not 
satisfactory, slight changes in the geometry of the exhaust sys- 
tem (size and lengths of ducts and pipes, volumes of ducts, 
chambers and silencers) should improve it. The shape of the 
pressure diagram indicates even the direction in which the im- 
provement is to be sought. If the negative loop is too short, 
the period of oscillation must be increased by adding length 
and/or volume. If the negative loop is too long, the period 
must be shortened by decreasing length and/or volume. If for 
each cylinder the negative loop ends at about exhaust closure, 
we have perfect tuning. 

Taking of exhaust pressure indicator diagrams is not easy with 
conventional indicators. Mechanical weak-spring indicators are 
suitable only for relatively low speeds. The diagrams shown in 
Figure 10 were taken by Belilove (Ref. 1) with a cathode ray 
oscillograph. An electromagnetic pickup specially fitted with a 
thin steel diaphragm of 0.0035 inch thickness was attached to 
the exhaust pipe near the exhaust ports and connected to a 9 inch 
RCA cathode ray oscillograph to which an integrator and a 
degree marker was added. The wiring circuit of the integrator 
and degree marker is shown in Ref. 7. 

The records obtained with the Evinrude engine mentioned 
above check satisfactorily with the performance tests. 

Nevertheless it was found that a cathode ray indicator is not 
very suitable for low pressure indication, especially because of 
the uncertainty of the pressure scale and the zero line. 


On the other hand the instrument shown in Figure 11 has 
proven itself very satisfactory for indicating exhaust pressures. 
It has been developed recently in the Diesel Laboratory of The 
Pennsylvania State College. 

Figure 12 is a schematic drawing of the indicator. It consists 
of a rotor R, with a single distributor hole H, driven from the 
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engine crankshaft through spline driveshaft D. The rotor rotates 
inside of stator S which has 36 equally spaced passages P, and 
brings every ten degrees another manometer tube, M, in con- 
nection with the exhaust port. The connection to the exhaust 
(or other space the pressure of which is to be indicated) is 
through a tubing attached to the stationary cover plate C, above 
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Figure 12.—Scuematic Drawinc or Penn State Rotary Vatve Low 
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Figure 11.—Penn State Rotary Vatve Low Pressure INDICATOR. 
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rotor R, the distributor hole of which remains in continuous 
connection with the connecting tubing. The connection of the 
indicator to the exhaust port of a 3-71 General Motors engine 
is shown on Figure 11. To avoid soot from the exhaust getting 
in the manometer tubes, a thin rubber membrane is interposed 
between the exhaust and the cover plate of the rotary valve as 
visible on Figure 11. The manometer tubes corresponding to 
0, 10, 20, etc. degrees of crank rotation are identified by a 
rotatable band type degree scale (Figure 11) near the top of 
the manometer tubes, which can be adjusted to proper phase 
relation with the crankshaft. 

The rotor is lap fitted in the stator and cover plate which 
insures a good seal and makes leakage loss negligible. Since 
mercury is too heavy for accurate reading of exhaust pressures, 
while water is too light, bromoform (specific gravity 2.87) has 
been used, with a drop of methyl orange added for better 
visibility. 

Figure 13 is a sample record obtained with the instrument 
which shows fairly good exhaust conditions for No. 1 cylinder, 
less good for No. 2 and poorest exhaust for No. 3 cylinder. The 
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exhaust temperature reading was highest for No. 3 and lowest 
for No. 1 cylinder. 


In examining the exhaust pressure records of multicylinder 
engines, it must be kept in mind that with a common exhaust 
header or manifold it is seldom possible to create perfect tuning 
for each cylinder, as the exhaust impulses necessarily intermingle 
and the exhaust of one cylinder even “backfires” into the open 
exhaust of another cylinder which succeeds the former in firing 
order. Various schemes are being used to minimize the effect 
of undesirable pressure fluctuations in the common header of 
multicylinder engines, by properly placed mufflers and silencers, 
tapered exhaust nipples and other arrangements calculated to 
dissipate the pressure energy of the exhaust, and prevent it from 
interfering with the scavenging process. The exhaust conditions 
in a multicylinder engine with a common exhaust header are, 
therefore, never ideal. We must be satisfied if the exhaust 
pressure indicator shows the absence of high instantaneous pres- 
sures in the exhaust ducts during the respective scavenging 
period. 

In order to effectively tune a multicylinder engine, individual 
exhaust pipes of tuned lengths must be mounted between the 
individual cylinders and the common header or exhaust pot. 
As an alternative, two or three cylinders may exhaust into a 
single exhaust pipe, provided the firing order is such that the 
exhaust periods of the cylinders exhausting into a common pipe 
do not overlap. 


In conclusion, it may be in order to point out that marine 
applications offer a highly fruitful field for applying exhaust 
tuning. Auxiliary units for generating electrical power, whether 
AC or DC, are run at constant speed. Some main propulsion 
engines have electrical drives. For engines mechanically con- 
nected to the propeller, the power requirement varies approxi- 
mately as the cube of the rotating speed and sharp tuning for 
maximum speed is desirable, because that is the only occasion 
when maximum power is needed. 

Any two-stroke cycle engine, single or multicylinder, with a 
properly tuned exhaust system, delivers more power than the 
same engine would if exhausting into the open with zero length 
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exhaust pipes. Unfortunately, most engines in service deliver 
considerably less power than they would with zero exhaust 
pipes. Neutralizing the interference of improperly tuned pres- 
sure waves increases the power output and reduces the exhaust 
temperature of some cylinders and of the entire engine. This 
can be accomplished by suitable exhaust ducts, large exhaust 
headers, and various damping devices. Best results, however, 
are obtained by a correctly tuned exhaust system when the 
pressure waves actively assist in scavenging and cylinder charging. 


CONCLUSIONS. 


1. By proper tuning of the exhaust the performance of two-— 
stroke cycle engines can be appreciably improved. 


2. The use of large exhaust pipe diameters and high scavenge 
pressures are often not justified except on the basis that they 
tend to minimize the effects of the “incalculable” pressure waves. 


3. For many installations the natural frequency of the exhaust 
system can be calculated and the optimum pipe lengths pre- 
dicted from design data. 


4. Multicylinder engines with common exhaust headers or 
manifolds also can be improved by proper exhaust tuning but 
no mathematics is available to handle the problem. 


5. With the use of an exhaust pressure indicator, the tuning 
of any engine may be improved. A recently developed rotary 
valve indicator should greatly facilitate experimental exhaust 
tuning. 


6. For best tuning, a multicylinder engine should have indi- 
vidual exhaust pipes for each cylinder, or for each two or three 
cylinders whose exhaust periods do not overlap. 


7. If correct tuning of the exhaust system is out of reach, the 
neutralizing of the interference of improperly timed pressure 
waves usually improves engine performance. 
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PRESSURE-WEAR INDEX: A MEASUREMENT OF EX- 
TREME-PRESSURE PROPERTIES OF LUBRICANTS. (1) 


By Rosert C. Apams, Sipney M. CoLLEGEMAN AND 
WitiraM C. Ciinton.* * 


The continuing trend to higher power/weight ratios has led 
to increases in unit pressures in gear design which, in many 
instances, have exceeded the lubricating properties of straight 
petroleum materials. This inability of the unfortified materials 
to lubricate satisfactorily may be the result of imperfection in 
mechanical design or construction. Ordinary lubricants have 
proved incapable in preventing the galling and seizing of power- 
transfer surfaces in existing gear mechanisms. The need for 
anti-welding, so-called extreme-pressure lubricants, presents the 
concurrent need for methods and devices for the measurement 
of extreme-pressure properties. 

The four machines which have been most widely used are the 
SAE, the Timken, the Almen and the Falex. The authors have 
used the first two of these. The results with both are influenced 
by the finish on the contact surfaces. Usually, the load at 
seizure increases with the roughness of the surfaces, but this is 
not true for all additives. Consistency of measurements, there- 
fore, demands very close control of the surface finish, apparently 
a closer control than can be obtained without inordinate rejection 
or reworking of test cups. A more serious objection, at least 
in the case of the SAE machine, is that a numerical measure of 
the most potent extreme-pressure lubricants cannot be obtained 
since the capacity of such lubricants exceeds that of the machine. 
The machine serves only as a go, no-go gauge instead of pro- 
viding a complete scale of measurement. 

The Four-Ball Machine first reached the attention of the 





(1)-—This paper has been revised and amplified from one of the same title read 
to the National Lubricating Grease Institute, November 1943. 

*Respectively, Assistant Head of Chemical Laboratory, Assistant Chemist and 
Junior Chemist at the U. S. Naval Engineering Experiment Station, Annapolis, Md. 
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authors in 1939(2). In this device one steel ball is rotated about 
its vertical diameter, while being supported on the points of 
contact with three similar balls clamped into a cup filled with 
the lubricant to be tested. During this rotation any predeter- 
mined axial load can be applied by weighting a lever which 
forces the lower balls upward against the rotating ball. Theo- 
retically, the axial load can be increased until either the balls or 
the lubricating film ruptures, so that there should be no upper 
limit of measurement. At that time, Four-Ball Machines were 
available only from the designers in The Netherlands. Several 
were imported and the original design was approximated in 
American laboratories, but the Station had to await domestic 
production in 1941(3). 

The domestic Four-Ball Machine is illustrated in Figure 1. 
The shaft of the 1800 Rpm. vertical motor has a ball chuck at 
the lower end. The ball pot, shown in the exploded view of 
Figure 2, holds three balls and the test lubricant. It is supported 
on a thrust bearing at the short end of the load-lever arm. The 
torque arm of the ball pot, which serves as a convenient handle 
in assembling, is restrained from rotation by the calibrated spring 
to which it is connected by a flexible arm. The extent of com- 
pression of the calibrated spring is recorded by a stylus on 
sensitized paper stretched around a rotating drum. When the 
spring and the effective length of the torque arm are selected in 
accordance with the scale of the machine, normal movement of 
the stylus will not extend to the full width of the paper except 
on the occurrence of seizure. The drum holding this paper is 
driven by a synchronous motor, which can be started simul- 
taneously with the large vertical motor. 

Several methods for utilization of the Four-Ball Machine in 
measurement of extreme-pressure properties have been proposed 
by various investigators. Most of these are based upon use of 
the characteristic wear-load diagram, which is obtained by plot- 
ting on logarithmic coordinates the diameter of the wear spots 
on the supporting balls against the axial load. Figure 3 is a 





(2)—The Use of the Four-Ball Apparatus for Predicting the Service Performance 
of Extreme-Pressure and Hypeid Lubricants by F. L. Garton—Informal Symposium 
on Lubricants, Technical Committee B, A.S.T.M. Committee D-2, Atlantic City, 
28 June 1939. 

(3)—Available from Precision Scientific Company, Chicago, Ill. 



































Figure 1.—Four-Batt MAcuINE For TESTING ExrreME-PressurE LUBRICANTS. 
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somewhat idealized wear-load diagram. Figure 3 also shows the 
Hertz line of elastic deformation (4) which represents the 
diameter of the plane of contact between the upper ball and each 
of the lower balls as a result of static pressure. With a perfect 
lubricant the wear-load diagram would follow the Hertz line; 
any divergence above this line is an indication of wear of the 
balls permitted by imperfection of the lubricant. At low loads, 
as represented in the first limb, AB, of Figure 3, the graph 
diverges only slightly from the Hertz line. As the load increases, 
Point B is reached at which the graph breaks sharply upward 
from the Hertz line. At still higher loads, where seizure occurs 
instantaneously on beginning rotation under load, there is another 





(4)—A mathematical discussion of elastic deformation is given in the instruction 
booklet accompanying the Four-Ball Machine (3). 





MILLIMETERS ——> 


TNE 
A vent © 


AVERAGE WEAR SPOT DIAMETER, 











APPLIED LOAD, KILOGRAMS ——~ 
Figure 3.—Wear-Loap D1aGRaM. 














PRESSURE-WEAR INDEX. 





216 


point of inflection, Point C, and the third limb may be approxi- 
mately parallel to the first. The first limb, AB, is characterized 
by no seizure of the bearing surfaces; the second limb, BC, is 
the region of delayed seizure; and in the third limb, CD, imme- 
diate seizure occurs. At Point D, which usually is not deter- 
mined, actual welding of the balls occurs and the curve starts 
vertically upward. 

The seizure-delay method consists of the determination of the 
maximum load which the lubricant can support for 2-1/2 seconds 
before seizure. It is determined by making a series of one- 
minute runs with loads at which delayed seizure occurs and 
measuring .the time from the start of each run to seizure. Since 
direct measurement of the 2-1/2 second-delay load would be 
fortuitous, the value is found by interpolation or extrapolation 
on a plot of load versus time. 

Determination of the Temperature-Wear Factor is somewhat 
more involved. Wear-load diagrams are prepared at two dif- 
ferent bulk-oil temperatures, 80 degrees and 200 degrees F. With 
increase in extreme-pressure properties, it has been noted(5) that 
these two curves approach each other. .The Temperature-Wear 
Factor is obtained by selection of the maximum difference in 
ordinate between the two curves and multiplying by 15. On 
the scale of the Temperature-Wear Factor, extreme-pressure 
properties vary inversely as the magnitude of the Factor, so that 
the maximum attainable extreme-pressure properties would be 
represented by a Factor of zero. 

Both of the above methods attempt to establish the rating of 
the extreme-pressure properties of the lubricant by use of the 
second limb of the wear-load diagram, the area of greatest un- 
certainty of measurement. This portion, BC, occasionally is a 
straight line, as shown in Figure 3, but more frequently it con- 
sists of two segments of different slopes or contains one or more 
intermediate steps, Figure 4. Accurate delineation of the whole 
of this portion BC requires a very large number of individual 
runs, as indicated by the data of Clayton(6), so that the line 





(5)—H. Blok, S.A.E. Journal, February 1940. 

(6)—Use of the Four-Ball Extreme-Pressure Lubricant Testing Apparatus for 
Ordinary Lubricants—D. Cayton, Inst. Mech. Engrs., General Discussion of Lubri- 
cation and Lubricants, October 1937. 
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can then be located by mathematical reduction of the multiple 
data. 

A first attempt was made to use the terminus of the first limb 
of the wear-load diagram, Point B, in search for an alternate 
method for use of the Four-Ball Machine. This would appear 
reasonable if the criterion of extreme-pressure properties is film 
strength, the pressure necessary to wipe away the film of lubri- 
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cant. Calculation of the unit pressure at the point of transition 
from axial load and wear spot area showed no correlation with 
extreme-pressure properties. Evidently extreme-pressure lubri- 
cants are characterized by the ability to re-establish a lubricating 
film after rupture, instead of by unusual resistance to initial 
rupture. 
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It was then observed that with straight mineral oils the second 
limb of the wear-load diagram, BC, was almost vertical, while 
with increase in extreme-pressure properties or per cent of 
extreme-pressure additive, this limb rotated clockwise on the 
end of the first. It appeared, therefore, that the slope of the 
middle limb could be used as an index of extreme-pressure 
properties. After determination of the coordinates of the ends 
of the middle limb, Points B and C, this slope was reduced to 
a number by dividing the difference between the two loads by 
the difference in the squares of the wear-spot diameters(7). 
This number has the dimensions of pressure; it is derived from 
Wear-spot measurements; and it is an index of extreme-pressure 
properties; therefore, it was given the name Pressure-W ear Index. 


The determination of -Pressure-Wear Index of many and 
various gear lubricants in the past year and a half has brought to 
light many precautions and refinements in procedure which 
should be observed. The procedure for the determination is 
discussed below. 

The four balls and the ball pot are washed with benzene to 
remove any films of rust preventives or previous samples, and 
are then dried with a soft cloth. Three balls are placed in the 
ball pot. If the lubricant to be tested is a grease, it is worked 
in around the balls at this time, but oils to be tested can be poured 
in after the balls have been clamped into the pot. Assembly of 
the ball pot is completed and the fourth ball is placed in a 
chuck. Chucks lose their spring after being used at high loads 
or high temperatures, so that after any run under such conditions 
the chuck should be carefully inspected before re-use. The ball 
pot is lifted against the fourth ball in the chuck at the end of 
the motor shaft, while the mounting disc and thrust bearing are 
placed beneath it on the end of the lever arm. The lever arm 
is then released and its short end raised carefully against the ball 
pot assembly to avoid any shock load against the contact sur- 
faces of the balls. After the desired load is placed on the lever 
arm, the arm is pressed down by hand to insure a firm seating 
of the top bali on the balls in the cup. Finally, the spring is 
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connected to the torque arm at the point corresponding to the 
load on the lever arm. The motor is switched on, run for 
exactly one minute, and turned off. The load is removed, the 
lever arm raised and locked, and the ball pot removed and dis- 
assembled. The three balls from the ball pot are washed with 
benzene and retained for measurement while the fourth ball is 
discarded. Usually between ten and twenty such runs, at dif- 
ferent loads, are required for determination of the Pressure-Wear 
Index, although as many as 70 runs have been required to obtain 
a complete wear-load diagram. Most rapid and economical 
results have been obtained by a pair of operators, one of whom 
operates the Four-Ball Machine and another who cleans the 
balls, measures the wear spots and plots the points on the wear- 
load diagram as they are determined. Each spot is measured, 
with either a filar or eye-piece micrometer, both parallel with 
and normal to the equator of rotation of the fourth ball. The 
average of the six measurements is taken as the wear-spot 
diameter. 


The Pressure-Wear Index depends only on proper location of 
Points B and C of the wear-load diagram, for which complete 
delineation of the diagram is not required. The operator classi- 
fies the results of each run as no seizure, delayed seizure or 
immediate seizure by his observation of the movement of the 
torque indicator during the run. Characteristic behavior of the 
indicator in the three cases is: 


No seizure (AB)—An initial deflection on starting the machine 
followed immediately by decline to a low level which is 
constant for the balance of the run; 


Delayed seizure (BC)—A second deflection (and sometimes a 
third or fourth) after the initial deflection, followed either 
by decline to the previous low level or continuance at 
approximately the maximum level of the deflection; 

Immediate seizure (CD)—The initial deflection extends to the 
full limit of movement of the indicator where it may 
remain as long as ten seconds before declining to the low 
level at which it remains, without secondary deflections, 

for the balance of the run. 
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In the vicinity of the transitional points, B and C, the infor- 
mation supplied by the torque indicator must be supplemented 
to obtain precise location of these two points. Positive identifi- 
cation of Point B is obtained by microscopic examination of the 
wear spot. If no seizure has occurred during the run, the spots 
are polished circles, less than 0.5 mm. in diameter, usually with- 
out pits or scratches within the contact area. If there has been 
any galling or seizure during the run, the wear spots are marred 
by pits and striations along the direction of rotation of the 
fourth ball. These striations extend through the circumference 
of the wear spot. This distinction is illustrated in Plates 3, 4 
and 5 of Figure 5. The highest load at which no seizure occurs 
provides Point B. 


Location of Point C is more difficult. Runs should be made 
to provide at least three points on the line of immediate seizure 
(CD) to establish its slope and the runs then extended to lower 
loads in search for the terminus. Below Point C, in the region 
of delayed seizure, points on the wear-load diagram tend to 
scatter, probably as a result of vibration set up by partial seizure 
and recovery. In the vicinity of the suspected Point C, it is 
desirable to make triplicate runs, at loads close together, and 
then plot the average of the 18 wear-spot measurements at each 
load. If the average of one of the three sets of measurements 
differs from the grand average by more than five per cent, that 
set should be excluded from the average plotted in the wear- 
load diagram. An exact location of Point C has always been 
obtained graphically by this method, but Figure 4 illustrates how 
an erroneous value could be obtained if the region between 
Points 9 and 12 had not been explored. 

Figures 4 and 5 illustrate the inter-relation of the wear-load 
diagram and the microscope in determination of the Pressure- 
Wear Index. The entire diagram was prepared as an example 
although runs at loads between 65 and 150 kilograms might 
have been omitted for determination of the Pressure-Wear Index. 
The progressive increase in size of spots and in severity of scor- 
ing of the contact areas is apparent. Plate 16 shows the rolled 
edge which surrounds wear spots after severe seizure. This edge 
must be removed with a sharp blade before spot diameters can 
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be measured with accuracy. Plate 15 shows the four balls welded 
together as occurs at Point D and higher loads. 

The runs comprising a determination of Pressure-Wear Index 
should not be interrupted but should be completed within a 
single day. Although separate determinations made at different 
times on the same lubricant are in satisfactory agreement, some 
displacement of the entire curve has been observed. The source 
of this variation has not been located, although both the vibration 
of the machine suppert and atmospheric temperature and 
humidity have been suspected. 

The preceding instructions will suffice for determinations on 
over 95 per cent of the lubricants on which it is attempted. 
Occasionally, however, an unusual material will yield inconsistent 
or anomalous results. One such case is illustrated in Figure 6. 
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This lubricant gave an occasional delayed-seizure, as evidenced 
by smeared wear-spots, at the same loads at which no-seizure 
also was obtained. Plotting of all points yielded the two con- 
verging lines shown, but it was necessary to reduce the test load 
to 16 kg. before consistent wear-spots without seizure could be 
obtained each time. The intersection with the 16 kg. abscissa 
was taken as Point B. 

In the case illustrated in Figure 6, limb CD of the wear-load 
diagram also showed double seizure. Immediate seizure occurred 
at the loads in this range, but in some cases a second seizure, 
as shown by the torque indicator, occurred within the sixty 
seconds of the run. The double-seizure and immediate single- 
seizure points traced two lines on the wear-load diagram. The 
lower terminus of either line could be used as Point C without 
appreciable change in Pressure-Wear Index, but it was necessary 
to make many runs in this area to establish that fact. 

Minor variations in the dimensions of balls used for the test 
have no critical effect upon the resulting Pressure-Wear Index. 
The balls employed throughout the development and use of the 
procedure have been purchased under the following specification: 


Balls, alloy steel, one-half inch diameter, to conform to the 
requirements of Paragraphs D-1, D-2 and D-5 of Bureau 
of Ships Specification 42-B-5(INT) of 1 July 1941, except 
that the tolerance for nominal diameter shall be 0.001 inch 
and for sphericity shall be 0.0002 inch; to pass the tests of 
Paragraphs F-4a, F-4b, F-4c and F-4e of the above speci- 
fication. 


These requirements are the same as those for balls for Navy 
Grade II bearings (which correspond to ABEC Grade 3), except 
that the diametric tolerance is ten times, and the tolerance for 
sphericity is four times, that specified for balls to be used in 
bearings. 

The effect of variation in balls upon the Pressure-Wear Index 
was investigated recently using the lubricant illustrated in Figure 
4 and balls from three sources. The first balls were taken from 
the Station stock, purchased as specified above; the second, the 
remainder of a lot purchased from a small manufacturer and 
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judged unsuitable by two other owners of Four-Ball Machines; 
and the third were first quality (Gold Seal) balls supplied by 
the manufacturer of the Machine. All Pressure-Wear Indexes 


- determined with these various balls lay between 46 and 50. The 


second lot of balls, while dimensionally almost as accurate as the 
Gold Seal balls, were slightly harder than either of the others. 
As a result, the wear-spot diameters obtained with them were 
less than with the others at all loads, but the Pressure-Wear 
Index was not affected. 

Pressure-Wear Index has been used for evaluation of extreme- 
pressure properties of a variety of liquid and plastic lubricants. 
Table I gives representative results from the determination on a 
variety of well-known lubricants. 


TasLe J.—PressuRE-WEAR INDEXES OF SPECIMEN LUBRICANTS. 


Lubricant Pressure-W ear Index 
Navy Symbol 3080 Oil 0.36 
Navy Symbol 3065 Oil 0.61 
Hydraulic Oil (Petroleum Base) 4. 
Hydraulic Oil + 1% E.P. Additive 6. 
N.S. 3065 + 10% Sulfurized Sperm Oil 10 
N.S. 3080 + 10% Sulfurized Sperm Oil 12 
Low Temperature E.P. Grease 19 
Chlorinated Oil 20 
Universal Gear Oil SAE 80 47 
Universal Gear Oil SAE 90 69 
N.S. 3065 + 10% Parapoid 10 98 
N.S. 3080 + 10% Parapoid 10 110 
N.S. 3065 + 10% Santopoid S 120 
N.S. 3080 + 10% Santopoid S 130 


Pressure-Wear Index increases with extreme-pressure proper- 
ties. In general, straight mineral oils without extreme-pressure 
additives of any sort will have Pressure-Wear Indexes less than 2. 
Mild extreme-pressure lubricants give values of 5 to 15 and 
active extreme-pressure lubricants, such as hypoid lubricants, will 
have Pressure-Wear Indexes in excess of 20. The accuracy of 
the determination decreases at the higher values, so that Pressure- 
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Wear Indexes above about 75 are not precise, although values 
as high as 1100 have been measured. Present accuracy of the 
method does not justify reporting determined values to more 
than two significant figures. 

The Pressure-Wear Index appears to have several distinguish- 
ing merits. First, the expendable test parts, the balls, are cheap, 
virtually identical and are readily available from several sources. 
The availability at the present time is, of course, conditioned by 
priorities, but in peace time an almost unlimited supply is readily 
available at a price of about one cent each or four cents per run. 
Second, the method assigns a numerical value to the extreme- 
pressure properties of any lubricant; no lubricant is so potent 
as to be beyond the scale of measurement. Finally, there is an 
internal check on the reliability of results, since the determination 
comprises a succession of individual measurements, so that erratic 
points are apparent. With some materials, difficult to evaluate, 
this makes the determination tedious although enlightening. 

The pressure of circumstances forced the Navy to employ 
the Pressure-Wear Index after less study and trial than normally 
would have been desirable. The procedure can scarcely be con- 
sidered to have passed the development stage when so few Iabor- 
atories have used it. At the present time round-robin tests 
among the owners of Four-Ball Machines are in progress. Upon 
the completion of these tests, it is hoped that the method will 
be more widely appreciated. The significance of the Index still 
awaits delineation by results of service tests, the ultimate cri- 
terion. Despite all these limitations, the Pressure-Wear Index 
appears to be a reproducible and useful measure of extreme- 
pressure properties, so that the Navy probably will continue its 
use and will welcome its investigation and criticism by others. 
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REFLECTIONS ON RECENT PUBLICATIONS ON GAS 
TURBINE DEVELOPMENTS. 


By Freperick NETTeEL. 


Two papers were presented recently in quick succession on 
Gas Turbines*, a clear indication that American industry does 
not want to be taken by surprise by a development which was 
slow in coming, but which is beginning to stir the engineering 
field all over the world. 

Mr. Moss devoted the major part of his paper to historic 
reminiscences which are fascinating, showing as they do the 
tremendous handicaps under which the early workers had to 
labor. While the primary gas turbine research work in Mr. 
Moss’ organization ceased in 1907 (it seems to have been revived 
more recently), work was going on abroad with varying inten- 
sity and still more varying success. 

Mr. Moss’ statement about Holzwarth “there seems doubt as 
to whether he ever reported performance of a complete machine 
which compressed its own air”, is more or less confirmed by the 
late Prof. Stodola. Holzwarth appears primarily as designer who 
had to be taught by decades of strenuous work that the gas 
turbine is more than a problem of temperatures, and that a little 
more attention to thermodynamics would have saved him and 
his backers many a headache and expense. Thus, in spite of 
the impetus which Holzwarth’s untiring efforts have given to 
the gas turbine problem, the neglect of the thermodynamic aspect 
retarded promising proposals from other sources. 

In Europe it was in the meantime recognized that, if the gas 
turbine should ever be put on the map, an efficient compressor 
was needed. Centrifugal compressors were good by that time, 
but by far not good enough; efficiencies above 82 or possibly as 





*“Gas Turbines and Turbosuperchargers” by S. A. Moss, read before the A.S.M.E. 
Meeting 1943 at New York. “The Gas Turbine as a Possible Marine Prime Mover” 
by Prof. C. R. Soderberg and R. B. Smith, read before The Society of Naval 
Architects and Marine Engineers at 1943 Meeting. 
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high as 86 were needed. Sir Charles A. Parsons was amongst 
the first to see a possibility in the axial flow type compressor but 
he had to fail since at his time nothing was known about airfoil 
performance. Advantage was promptly taken by European 
engineers to apply the lessons taught by aerodynamics to com- 
pressor design, and the results achieved fully justified the efforts. 
Efficiencies up to 84.5 per cent, referred to the “adiabatic,” have 
been measured for a large compressor having a pressure ratio of 
about 4.35. Thus at last that part of the gas turbine problem 
appeared to be solved in an absolutely reliable and safe manner, 
involving no element unknown to the steam turbine designer. 

In this connection attention should be drawn to efforts to 
build efficient positive displacement compressors. The basic idea 
underlying this work was to avoid the well-known tendency of 
the centrifugal and axial flow compressor to develop an insta- 
bility of flow (also called “pumping” or “surging’’), if the 
working conditions deviate considerably from the design con- 
dition. ‘The outcome is a screw compressor on the principle 
first employed by Krigar in 1878, perfected to a remarkable 
degree by close study of the air flow in, through, and out of 
the compressor, and by application of close tolerances in manu- 
facture made possible by modern machine tool practice. While 
the efficiencies stated by the makers as obtainable are good for 
the output and speed ranges which are of interest for gas turbine 
plants, there is no indication as yet of any superiority over the 
axial flow compressor. Moreover, the latter allows the use of 
larger clearances, and does not involve a gear as the positive 
displacement type does. 

As to the dreaded instability of the axial flow compressor, 
considerable headway has been made in reducing that danger by 
proper hook-up (multi-shaft arrangements) and proper methods 
of load regulation. For special purposes arrangements have been 
found in which the instability can be eliminated altogether. 

It must, however, be recognized that, in spite of the above 
critical remarks, the modernized screw compressor is a valuable 
contribution to gas turbine development. Its effect will be felt 
also in other fields in future. The argument: axial flow com- 
pressor vs. positive displacement compressor is bound to -con- 
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tinue for some time, fanned more by conflicting commercial and 
patent interests than by vital engineering considerations. So 
far, the axial flow type appears in front. 

After a turbine (expansion) efficiency of 88.4 per cent had 
been measured by Stodola for a turbine operating at an expansion 
ratio of about 4.3 and a gas flow of about 500,000 pounds per 
hour, such efficiencies, and even higher ones, are being assumed 
in various quarters for much smaller units. Soderberg-Smith, 
for example, assume an internal efficiency of 90.8 per cent for 
“units in excess of 1500 Hp.” allowing 2 per cent for mechanical 
losses. (The latter figures must appear rather high for large 
turbines!) These and other published figures should advise 
caution when predicting turbine efficiencies which are influenced 
not only by size but also by the respective expansion ratio. 


Thus it will be realized that it is hardly permissible to assume 
one and the same efficiency figure for all kinds and sizes of 
turbines as they may be employed in the great number of possible 
hook-ups. 

What is true of turbine efficiencies is even more so for com- 
pressor efficiencies. Here we are confronted with a problem of 
special significance: Practically all publications on gas turbines 
involving cycle calculations start from the assumption of internal 
turbine and compressor efficiencies being constant and un- 
affected by variations in the cycle. This, however, is by no 
means the case. The internal efficiency of a compressor, for 
example, changes materially with its pressure ratio and with its 
intake volume. Both vary when the cycle data are varied. 

More generally it can be said that each row of blades in a 
turbine or compressor has its local efficiency dependent on its 
size; local losses are caused in each stage. With this local in- 
ternal efficiency the turbine or compressor blading works on a 
medium whose temperature depends on the local losses in the 
preceding stages. These two effects, namely the local loss and 
the “interheating effect” of the preceding stages as a result of 
losses in these stages, act additively in a compressor and sub- 
tractively in a turbine. 

The size (length) of the blading at a given point depends on 
the output of the plant, the air rate, and the location of said 
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the first to see a possibility in the axial flow type compressor but 
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about 4.35. Thus at last that part of the gas turbine problem 
appeared to be solved in an absolutely reliable and safe manner, 
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underlying this work was to avoid the well-known tendency of 
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the compressor, and by application of close tolerances in manu- 
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proper hook-up (multi-shaft arrangements) and proper methods 
of load regulation. For special purposes arrangements have been 
found in which the instability can be eliminated altogether. 


It must, however, be recognized that, in spite of the above 
critical remarks, the modernized screw compressor is a valuable 
contribution to gas turbine development. Its effect will be felt 
also in other fields in future. The argument: axial flow com- 
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tinue for some time, fanned more by conflicting commercial and 
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far, the axial flow type appears in front. 
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hour, such efficiencies, and even higher ones, are being assumed 
in various quarters for much smaller units. Soderberg-Smith, 
for example, assume an internal efficiency of 90.8 per cent for 
“units in excess of 1500 Hp.” allowing 2 per cent for mechanical 
losses. (The latter figures must appear rather high for large 
turbines!) These and other published figures should advise 
caution when predicting turbine efficiencies which are influenced 
not only by size but also by the respective expansion ratio. 

Thus it will be realized that it is hardly permissible to assume 
one and the same efficiency figure for all kinds and sizes of 
turbines as they may be employed in the great number of possible 
hook-ups. 

What is true of turbine efficiencies is even more so for com- 
pressor efficiencies. Here we are confronted with a problem of 
special significance: Practically all publications on gas turbines 
involving cycle calculations start from the assumption of internal 
turbine and compressor efficiencies being constant and un- 
affected by variations in the cycle. This, however, is by no 
means the case. The internal efficiency of a compressor, for 
example, changes materially with its pressure ratio and with its 
intake volume. Both vary when the cycle data are varied. 

More generally it can be said that each row of blades in a 
turbine or compressor has its local efficiency dependent on its 
size; local losses are caused in each stage. With this local in- 
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point in the cycle. The two latter vary with every variation of 
the contemplated cycle, and so does the amount of the men- 
tioned interheating effect. 


These somewhat involved relationships seem to have so far 
escaped the attention of the investigators of gas turbine cycles; 
they appear replaced by the simple assumption of constant in- 
ternal efficiencies. Even the higher pressure stages in one and 
the same multi-stage cycle were, in some papers, assumed to 
have the same efficiency as the lowest pressure stage, both on the 
turbine and the compressor side. However, by maintaining this 
illusory assumption over wide ranges of hook-ups, the picture 
of their absolute and relative merits emerges distorted. 


An actually less favorable cycle may appear as the best one 
for given conditions, and for one particular cycle the hook-up 
and the cycle data, such as pressure ratios, may be chosen not 
at their best, due to this assumption of constant internal 
efficiencies. 

What is worse, and liable to impair a sound development of 
the gas turbine, is the fact that the neglect of the mentioned 
involved efficiency relationships blurs the proper recognition 
of the economic lower output limit for each cycle and hook-up. 
Far too elaborate cycles are already being contemplated for too 
small outputs. If these plants were built, disappointment is 
bound to follow, as the very small top compressors of such 
multi-stage cycles cannot live up to the internal efficiency values 
assumed. 

In order to illustrate the practical effect of these efficiency 
considerations, let us take Figure 11 of the Soderberg-Smith 
paper. A 3-3-0, 75 cycle at 1200 degrees F., when built for 
smallest air rate, would have a total pressure ratio between 18 
and 20. Its last compressor, however, would even in a plant 
of 3000 Hp. output have a discharge volume of about 1000 cubic 
feet per minute. Such compressor, irrespective of type, axial 
flow or positive displacement, can hardly be expected to reach 
even 80 per cent efficiency, not to speak of 84.7 per cent. 

If we further bear in mind that every per cent drop in com- 
pressor efficiency affects the cycle efficiency by a multiple of 
one per cent, it becomes obvious that greatest caution is indi- 
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cated in the interpretation of published curves, lest faulty con- 
clusions be arrived at, not only relative to actually obtainable 
cycle efficiencies, but also relative to the lower economic output 
limit for every individual hook-up. 

Computations on the basis of varying efficiencies show that 
even the comparatively simple hook-up 2-1-n, (according to the 
Soderberg-Smith nomenclature), involving one intercooler, one 
reheater, and a heat exchanger, does not make it advisable for 
application for outputs below 3500 Hp. More elaborate cycles 
require much larger outputs, 


. Developments in the gas turbine field during the last five years 
or so have followed a rather peculiar trend: It would have 
appeared logical that, with a highly efficient compressor fully 
developed, the European manufacturers should have attempted 
to get out of the then available cycle hook-ups as much as. 
possible by going deeper into the thermodynamics of the prob- 
lem. Instead, the leading manufacturer preferred to emphasize 
the simplicity of the ordinary Brayton cycle, its independencé 
of sources of cooling water, etc., and to predict improvement 
of the rather mediocre efficiency, if and when metallurgical 
progress would permit the employment of temperatures in 
excess of 1000 degrees F. The U. S. licensee of this group 
appears to have followed the same policy until quite recently. 


Another European group sponsored the positive displacement 
compressor mentioned before. At the same time it undertook 
a rather comprehensive study of many hook-ups and the load 
regulation problems involved. Application of the gas turbine 
for stationary plants, ships, locomotives and even airplanes is 
envisaged. While these studies are interesting from many angles, 
they did not bring out any new basic thermodynamic improve- 
ment. 

Workers in various other parts of Europe contributed mean- 
while a great deal to the theory of multiple shaft hook-ups, and 
in doing so managed to get somewhat closer to a more general 
conception of the gas turbine as a thermadynamic machine. 

Due to the war and other considerations much of the funda- 
mental work in this direction will have to remain unpublished 
for some time. However, it can be said that the thermodynamic 
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problem involved can never be satisfactorily solved by trial and 
error calculations, as have been done so far by all authors. 
There are too many independent variables involved to do that, 
even if several hundred thousand cycles would or could be 
calculated. It is due to this inherent difficulty that curves 
purporting to show what can be done with the gas turbine must 
be subjected to further close analysis before. being accepted as 
basis for practical plants. 

Another important question is raised in the Soderberg-Smith 
paper: What is the highest output for which gas turbine plants 
should or could be built today? These authors state: “Until 
the promises of high-temperature design have been verified by 
operating experience it is not to be expected that gas turbines 
exceeding 7500 Hp. will be constructed.” From that paper it 
is evident that high temperatures beyond reach at present are 
those above 1200 degrees F. While this temperature limitation 
must be considered sound at this time, the statement about the 
possible or recommendable size of gas turbine plants appears 
unsupported by facts and thus invites closer scrutiny. 

That much higher outputs can be reached now, without ex- 
ceeding 1200 degrees F., and without using compressors or com- 
pressor stages not fully developed, will become clear from the 
following: If we incorporate the Neuchatel axial flow com- 
pressor in a cycle 2-1-n, (one intercooler, one reheater) we 
arrive at an output of about 15,000 Hp. If we go one step 
further and incorporate a double flow compressor with largest 
individual stages same as in the Neuchatel compressor, also in 
the 2-1-n, cycle, we arrive at 30,000 Hp.! Since no data are 
available regarding the largest existing positive displacement 
compressor, similar calculations are not feasible at this moment 
for plants involving the use of this latter type compressor. 

In connection with good partial load performance Soderberg- 
Smith appear somewhat over-impressed in favor of the positive 
displacement compressor. Gas turbine plants using axial flow 
‘compressors can also, be built to give favorable efficiencies at 
part load. As a matter of fact, the positive displacement com- 
pressor has its own disadvantage in that it acts as a closed valve 
when at standstill. 
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This brings up the question of selection of hook-up for 
marine applications which is one of the principal subjects of 
the Soderberg-Smith paper. The cycle selected as typical for 
this purpose was no doubt chosen with a view to good partial 
load efficiency. 


In this connection an old truth must be repeated for the 
readers of this Journal, namely that for the average merchant 
vessel part-load efficiency is hardly ever of any importance, 
while the reverse is true of most naval vessels. 

In merchant ships it might, therefore, be of advantage to 
discount part load efficiency if by doing so other advantages 
might be secured. 

Conversely, in naval vessels maximum load efficiency might be 
sacrificed if by doing so weight and space are saved. 

Considering the fundamentally different operating conditions 
in these two cases, though both falling in the category “Marine 
Applications,” it must remain open to doubt whether any one 
hook-up can serve best for merchant and naval needs alike! 

The war has brought into being several new types of naval 
craft, the special duties of which will most probably have to 
be met by specialized propulsion plants. 

The general note of optimism as regards the ultimate use of 
cheap crude (bunker) oil in gas turbines on ships for all pur- 
poses seems most certainly justified. Such optimism is, how- 
ever, hardly in order for the prospects of gas turbines in sta- 
tionary plants as long as solid fuels (coal, coke, lignite, etc.) 
cannot be utilized satisfactorily and efficiently. Experiments 
are under way in Europe, for some years now, to burn pulver- 
ized coal under pressure and to separate the solid residue of 
combustion (ash, slag) before leading the gases into the turbine. 
Those with experience with pulverized coal combustion in steam 
boilers will appreciate the immense difficulties in the path to a 
successful solution by this basically simplest method. 

Other methods have been tried—for example, by resorting to 
various kinds of closed or semi-closed cycles, working at. arbi- 
trary pressure levels, with the lower pressure level mostly selected 
above atmospheric pressure. 

While the prospect of keeping the combustion products 
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entirely out of the air turbine looks promising at first glance, 
the necessity to reject much heat from these cycles at low 
temperature levels spoils some of their prospects since huge 
additional heat exchangers become necessary for that purpose 
alone. The manufacturers realize themselves that closed cycles 
offer little attraction on vehicles of any kind. The idea to 
regulate the load in closed cycles by varying the density of 
the working fluid (air) is sound, but requires rather complicated 
governing gear and may be expected to respond rather slowly to 
sudden large load increases. 


That the problem of utilizing solid fuel in combustion turbines 
remains of paramount importance is evident if we remember 
that more than 90 per cent of all stationary thermal power plants 
in the U.S.A. and nearly 100 per cent in many other countries 
are burning coal. Considerable progress has been made more 
recently, which gives hope for an early satisfactory solution, 
probably by avoiding combustion under pressure altogether. 


Very interesting views have been put forward by Soderberg- 
Smith relative to the starting of gas turbine plants, with par- 
ticular reference to marine applications. European practice 
utilizing electric motors or auxiliary Diesels is considered awk- 
ward, and air bottles charged by the main compressor or by 
a “small” auxiliary air pump are advocated. Even if, as stated, 
35 pounds of air at 80 psi should suffice for a single start of a 
2500 Hp. plant, a multiple of that air weight would have to 
be stored on a ship to take care of “false starts” and emergency 
conditions. Even a “small” auxiliary air compressor requires a 
source of power. If we survey the situation carefully, we will 
see that the use of electric energy for starting, especially for 
turbo-electric marine installations, can be made very advan- 
tageous. On every merchant or naval craft there will be auxil- 
iary generator sets for which Diesel drive is generally accepted 
as the best, and for which gas turbine drive is hardly suitable 
due to the relatively small capacities involved. In case of turbo- 
electric transmission to the propeller, these sets will often be 
found of sufficient capacity to start the gas turbine plant. These 
sets may, moreover, if suitably designed, for d.c. or a.c., be used 
to propel the ship at low speed, for example, in case of trouble 
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with the gas turbine, and thus keep it maneuverable in an 
emergency. Hardly any extra weight or space are required. 

Mr. Moss deals at some length with arrangements involving 
the use of reciprocating (Diesel) engines in combination with 
gas turbines. Such plants can be and have been built, but their 
existence from an engineering and economical standpoint could 
be justified only by an overwhelming superiority in efficiency 
over the pure-turbo gas turbine. Such superiority, even today, 
is doubtful, and it will finally disappear when top temperatures 
higher than 1100 degrees F. will be employed. 


Amongst the special applications of the gas turbine, the gas 
turbine locomotive (not necessarily with electric power trans- 
mission) and siderurgical blower drives show considerable 
promise. 


The most controversial question in the whole gas turbine 
problem is: What top temperatures should be permitted now or 
in the near future? Most of the recent publications give the 
impression that responsible designers consider 1200 degrees F. 
within the realm of immediate possibility; some declare readiness 
to go even higher. Some utterances could, indeed, mislead us 
into believing that 1500 degrees F. are, so to speak, round the 
corner. 

If we survey the plants which have stood up to more or less 
continuous service, we find temperatures up to 570 degrees C. 
or 1060 degrees F. It is true that these plants have been designed 
and built several years ago so that, allowing for metallurgical 
progress since then, 1200 degrees F. may appear a reasonable 
figure. Soderberg-Smith do not share the optimism with regard 
to uninterrupted advance of operating temperatures for long- 
time service. They add, very significantly, that the efficiencies 
obtainable at 1200 degrees F. do not indicate that extremes of 
temperatures are absolutely essential in order to justify gas 
turbine developments in the immediate future. Experience with 
aircraft engine superchargers is of very limited value for the 
primary gas turbine. 

Soderberg-Smith’s attitude that “ground (in the use of tem- 
peratures in excess of 1200 degrees F.) can be gained only 
slowly and with caution” can be accepted without reservation. 
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In its further support it can be stated that, if we use all presently 
available means thermodynamically correctly, if we avoid wish- 
ful thinking with regard to obtainable compressor and turbine 
efficiencies, if we choose a plant of suitable output at which 
the rotating machines can work to best advantage, if we select 
a suitable hook-up which will be different for each purpose, size 
and required performance, even with a highest, temperature of 
1050 degrees F., a thermal overall efficiency at rated load, 
referred to the coupling of the useful power turbine, of thirty 
per cent is reliably obtainable, provided the plant has a capacity 
of about 4000 Hp. or preferably more. 

No steam plant of that output on land, and still less on board 
ship, has ever been measured to give such efficiency. Thus a 
logical question arises: Why at this moment should we “shoot 
higher,” especially if we consider that savings in weight, space, 
and, for stationary plants, cooling water, already make the gas 
turbine potentially superior to steam plants? 

Caution in raising of temperatures will avoid setbacks which 
are liable to be unjustly blamed on the gas turbine as such and 
which are likely to retard rather than assist its healthy growth. 
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LAMINAR FLOW FRICTION LOSSES THROUGH 
FITTINGS, BENDS AND VALVES. 


By Cyrus BEcxK.* 


Note: The opinions or assertions contained in this article are 
the private ones of the writer and are not to be construed as 
official or reflecting the views of the Navy Department or the 
Naval service at large. 


I—INTRODUCTION. 


Pressure losses under laminar flow conditions for 3% inch 
I.P.S. fittings, bends and valves, together with a suitable although 
not exact method of combining their equivalent lengths in an 
assembly were presented in a previous article. It is the purpose 
of this paper to discuss, using original equivalent length data, 
the relation of the pressure losses to the character and rate of 
dissipation of the disturbance immediately after an obstruction 
such as a fitting, bend or valve. 

The problem may be resolved as follows: First, decision as to 
what quantities and variables adequately describe the effect 
(friction loss) of a fluid passing through a fitting; second, mea- 
surement experimentally of these quantities and variables; third, 
analysis and interpretation of the observed data to learn how the 
variables are related. 

The work reported in this paper is confined to the laminar flow 
region covering a Reynolds number range from 50-1000. Com- 
mercial seamless, steel tubing 314 inch I.P.S. (4 inch O.D.) with 
an average inner diameter of 3.705 inches was used. A globe 
valve, angle valve, standard 90 degree elbow, long-radius 90 de- 
gree elbow, tee, gate valve, and 90 degree circular constant cross- 
section bends with relative curvatures R/d = 2, 3, and 6 were 
investigated. The globe valve was tested with flow under and 


* Assistant Mechanical Engineer, Naval Boiler and Turbine Laboratory. 
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over the disc., i.e., normal and reversed positions. The tee was 
examined for the conditions of straight through flow and branch 
flow. The valves and fittings were designed for 3% inch I.P.S. 
standards while the bends were fabricated from the steel tubing. 


II—METHOD OF PROCEDURE. 


The test set-up is shown in Figure 1. A straight section of 
tubing 22.5 feet long was used to establish the friction factor 
and for the manometer indication per foot of straight tubing 
utilized in the calculation of equivalent length. The test section 
for the fittings also was 22.5 feet with a flanged connection 4 feet 
downstream from the front end. The fittings, valves, and bends 
tested were installed at the flanged connection to secure flow 
data immediately after the fitting. Nine piezometer rings were 
located at distances of 0.5, 1.5, 2.5, 5.0, 7.5, 10.0, 12.5, 15.0, and 
18.5 feet downstream from the position of the fitting. These 
piezometer rings were connected by a manifold to the manom- 
eter making it possible to employ any of them for pressure 
measurements. The upstream piezometer ring for obtaining 
equivalent length was located 4 feet in front of the fitting. 

Two rotating ‘‘U’’ tube manometers with colored carbon tetra- 
chloride as the manometer fluid were used to measure the pressure 
drops across the straight tubing section and across the fitting. 
Pressure reservoirs (jars) were employed for transmitting the 
pressures. An oil layer was maintained at the top of the reservoirs 
with water on the bottom, the latter medium acting as the con- 
necting fluid between the oil and the carbon tetracholride in the 
manometer. 

An oil preheater was utilized to give the requisite temperature 
control, although the steam coils also were utilized in the oil 
storage tanks. Calibrated thermometers measured the entrance 
and exit oil temperatures. A thermometer, hung on the manom- 
eter scale, served to indicate the temperature of the manometer 
fluid, The fluid used in the system was a Navy Grade fuel oil. 
The density and kinematic viscosity (by the Fenske modified 
Ostwald viscosimeter) of the oil were checked frequently. The 
density-temperature curve of the carbon tetrachloride (saturated 
with water) was determined before it was introduced into the 
manometer. 
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ITI—THEORETICAL DEVELOPMENT. 


Consider Figure 2. For simplicity, let curve ST represent the 
intensity of the disturbance in the fluid introduced by reason of 
its passage through a fitting. Let position M be upstream from 
the fitting, i.e., in the region where the velocity profile and pres- 
sure gradient are characteristic of the undisturbed flow. Position 
Q is the point where the flow becomes free of the disturbance 
created by the fitting. Distance OQ is called the transition length. 
The pressure drop properly chargeable to the fitting should be 
measured across MQ since the’velocity profile is identical at both 
points. 
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However, if the downstream pressure reading is taken at N, 
inside the transition length, the pressure drop chargeable to the 
fitting becomes dependent on the distance N is downstream from 
the fitting. This would follow since the pressure gradients and 
velocity distribution at M and N are dissimilar. The pressure 
gradient at N is dependent on the location of N; the pressure 
gradient at M is characteristic of the flow. 

The question arises: How shall the various pressure losses be 
allocated? Depending on Reynolds number, a considerable por- 
tion of the pressure dissipation may take place beyond the fitting, 
i.e., in the transition length. Figure 3 portrays graphically the 
actual course the pressure will follow in a given case. Letters 
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M, R, O, N, and Q indicate the same points in the flow as in 
Figure 2. The line M,R,0,N,4Q, represents the pressure gradient 
of the system. 


M,M,2 = w[Aple (read as pressure drop from M to R) due 
entirely to the characteristics of the 
straight tubing flow. 


R,R; = pg[Apl]o occurring within the fitting. 
N.N;3 


olAp]n if the section ON were not in the transi- 
tion length. 


Q.Q; = olAplg if the section OQ were not in the transi- 
tion length. 


N3N4 = olAp]n as a result of the propagation downstream 
of the disturbance. 
Q;0, = olAplo as a result of the propagation downstream 


of the disturbance. 
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Thus the total pressure drop from M to a point Q outside the 
transition length is: 


ulAplo = MiM, + R2Rs + Q.03 + Q;Q4 (1) 


Correspondingly, the total pressure drop to point N inside the 
transition length is: 


ulAply = MiM, + R,R; ++N2N3 +N3sN, (1a) 


Returning to the allocation of pressure losses in equation (1), 
values M,M, and Q,Q; may be calculated from the Fanning- 
D’Arcy equation. 

The quantities R,R; and Q;Q,, however, are determined by 
the characteristics of the flow, the fitting and the tubing size. 
These pressure quantities cannot be calculated from any general 
equation nor can these separate losses be easily measured. Their 
determination experimentally would require the insertion of a 
piezometer ring at the exit of the fitting. This would be difficult 
to install and pressure readings so close to the exit of the fitting 
are usually not reliable. Combination of the individual pressure 
losses (R,R; occurring in the fitting plus Q;Q, in the transition 
length) seemed a simple expedient. Since both losses are caused 
by the fitting, they should be properly chargeable to it even 
though part of the pressure dissipation takes place in the pipe 
downstream. 

Referring to Figure 3, in which line O;Q, has been drawn 
parallel to O,Q;, it will be seen that this expedient gives rise to 
a fictitious but useful pressure gradient, M,;R,0;Q,. 


Substituting: 
R,Ry = R2R3 + Q3Q4 (1b) 
0304 = Q203 (1c) 

in equation (1) 
mlAplo = MiM, + R2Ry + 030, (1d) 


The quantities y{[Aplg, M;M,2 and O;0, can all be determined. 
Then the pressure drop chargeable to the fitting is: 


R,R, = mlAplo — M,M, — O30, (le) 





1e 
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But M,M, and O;0, are the pressure drops due to the straight 
pipe in the system. Then: 


R,Ry = mlAplo sie [Ap], (1f) 
where 
[Ap], = MiM, + 030, 


The pressure drop chargeable to the fitting will be designated 
Apo, i.e., App = R2,Ry. Then from equation (1f) 


Apo = mlAplo — [Ap], (1g) 


Equation (1g) was obtained for a point Q outside the wake of 
the disturbance, but a similar equation can be derived for a point 
N inside the transition length. Hence, equation (1g) holds regard- 
less of the position of the downstream pressure tap and is the 
general equation for calculating the pressure loss chargeable to 
a fitting. 

With the pressure drop across a fitting defined, it is necessary 
to determine theoretically, if possible, how Ap, is related to the 
other variables in a given system. Dimensional analysis makes 
it possible to establish a functional relationship. The method 
of Lord Rayleigh instead of E. Buckingham was used since it is 
desirable to learn the dependence of Ap, on the other variables. 
Both methods are consequences of the + Theorem. 

The assumption is now made that five independent variables 
are involved and that they completely determine the pressure 
drop across a fitting when the downstream pressure tap lies in 
the disturbance. This means that Ap, is a function of the vari- 
bles, density (p), viscosity (u), velocity (V), inside pipe diameter 
(d) and the distance downstream (x) of the pressure tap from 
the exit end of the fitting. 

From the theory of dimensional analysis, two dimensionless 
groups should appear. Expressing the relationship functionally 


APo * v(p, M, V, d, x) (2) 
Apo — p* nw? Vo d° x® (2a) 


Substituting in relation (2a), the fundamental dimensions of 
mass (M), length (L), and time (T) 
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: M\2/M \P /L\c e g 

—2 —1 ner rene ese 
mri (OY (i) EY 
MT~ L7 ats M2t> T7>-¢ L732-bt+ctets (2c) 


Equating corresponding exponents gives the following simulta- 
neous equations: 


1=a+b;-—2=-—b-—c;-1=-—-3a-b+c+e+g 
which when solved in terms of e and g give 

a=et+gt+i;b=—-e-gsc=e+g+2 
hence, 


Ap. pret! a tr yetst2 ge xs (2d) 


Combining gives 


Vd)\¢ (pVx\* 
an —(") Es pV? (2e) 
BM bu 
Substituting for the dimensionless groups 
Vd 
Re = -— and X = os 
BM a 
Apo = (Re)* (X)¥ pV’ (2f) 


Relation (2e) can be written 
_ (Na) (xt 
APo ae mn d p (2g) 
Letting D = 4 relation (2g) becomes 


APo —(Re)*** (D)¥ pV? (2h) 


Dropping the exponents and putting relation (2h) in the more 
general functional form 


Apo = ¥1 (Re, D) pV’ (2i) 
; : pVd 
As was expected two dimensionless groups appear, Re{ = —— 
m 


V: 
and D = 7 From the analysis, X = se could be used in 
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place of D but the latter is considered preferable since it has the 
physical meaning of ‘‘diameters downstream” from the fitting. 

_The equivalent length of a fitting is defined as the ratio of the 
pressure drop across and chargeable to the fitting Ap,, to the 
pressure drop per foot or per diameter of straight pipe. 

Let Ap, be the pressure drop per diameter of pipe and E the 
equivalent length in diameters. Then 


APo 


E =— 
AP 


(3) 


From the Fanning-D’Arcy equation, the pressure drop per 


diameter is 


Ape = kf pV? (3a) 


where f is the friction factor and k depends on the units. Sub- 
stituting from equations (2i) and (3a), equation (3) becomes 


ea (3b) 


If similar units are used in (2i) and (3a), the k in equation (3a) 
will cancel out leaving equation (3b) dimensionless. 

It is known, of course, that the friction factor for straight pipe 
is related to the Reynolds number. In laminar flow this relation 
is represented by Poiseuille’s Law and in turbulent flow by 
several different equations, depending upon the investigator. 
Expressing the fact that the friction factor is a function of 
Reynolds number 


f = y, (Re) (3c) 
Substituting equation (3c) in equation (3b) 
V1 (Re, D) 
Se 3d 
v2 (Re) (Sd) 


: Vv 
Let a third function, y, equal the ratio oor 
2 


V1 (Re, D) 
¥ (Re) 


y (Re, D) = 


(3e) 
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FIGURE 4. TEST CODE OF CALCULATIONS 
FOR INDIVIDUAL FITTINGS 














LAMINAR FLOW FRICTION LOSSES. 


then 
E = y (Re, D) (3f) 


Equation (3f) is the functional relationship desired and is 
composed of dimensionless groups only. It is valid for either 
laminar or turbulent flow since no restriction as to the character 
of the flow was imposed in the derivation. 

Equivalent lengths measured to points inside the transition 
length are called pseudo-equivalent lengths, to points outside 
the transition length real equivalent lengths, (E,). 

It is now necessary to arrive at the explicit form of equation 
(3f). This requires experimental data since dimensional analysis 
cannot give the form of a relationship except in conjunction with 
an experiment or another assumption. 

The test set-up previously described was checked to see that 
the friction factors for the two sections, AB (without piezometer 
rings between A and B) and CD (with piezometer rings between 
C and D) were the same. That this is the case is clearly shown 
by the plot of f against Re in Figure 5. 

By means of the test set-up previously described, observations 
were made on E as a function of D keeping Re constant and then 
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FIGURE 7. EQUIVALENT LENGTH FOR BEND R/d= 6 
MEASURED AT VARIOUS DISTANCES 
DOWNSTREAM FOR CONSTANT REYNOLOS NUMBER 


on E as a function of Re keeping D constant. The fittings tested 
are listed in the introduction. The test code is shown in Figure 4. 
Only bend R/d = 6 which has a fairly representative system of 
curves will be discussed in detail. Complete data, however, were 
taken on all the fittings, valves, and bends investigated. 

In Figure 6 is the plot of equivalent length (E) versus distance 
downstream (D) for five Reynolds numbers ranging roughly from 
50 to 1000. The same plot on log-log coordinate paper is pre- 
sented in Figure 7. In the transition length, shown in Figure 7, 
the relationship indicated is practically linear. A cross plot on 
log-log coordinates is shown in Figure 8. It appears that E 
versus Re curves are virtually straight lines down to about 
Re = 100. 
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It should be mentioned that some fittings approximate the 
straight line system of curves better than others. The globe 
valve, for example, would have been better represented by a 
system of slightly curved lines but the deviation from a straight 
line approximated the experimental error. It was considered that 
simplification of the problem warranted drawing in straight lines. 

An important characteristic of the E versus Re system is th 
intersection of the lines (for varying values of D) in a common 
point referred to as the point of convergence. The existence of 
a point (or at least a small region) of convergence is evident 
from the reversed positions of the E versus Re lines above and 
below the area of intersection. The equivalent length and Reyn- 
olds number corresponding to the convergent point are designated 
the convergent equivalent length (E,) and the convergent Reyn- 
olds number (Re,), respectively. For bend R/d = 6, E, = 11.9 
diameters and Re, = 200. 

The value of the ordinary equivalent length is called E,. The 
distance from the fitting where the pseudo-equivalent length 
becomes equal to the real equivalent length is the transition 
length, D,. For example, at Re = 989, bend R/d = 6 (Figure 6) 
has an E, value of 25.7 diameters and a D, value of approxi- 
mately 41 diameters. The E; and Re, quantities are character- 
istic of the fitting and the corresponding pipe or tubing. The E, 
and D, quantities depend on the type of fittings, the connecting 
pipe size, and the Reynolds number. 


In the region of Re = 100, the slopes of the curves in the E 
versus Re system are slowly decreasing with decreasing Reynolds 
number, approaching practically the same horizontal straight line 
which makes it possible to draw in a single horizontal line to 
represent all values of D in range of Re = 100 and below. Since 
the spread of the points at Re = 50 is only about two diameters, 
the error introduced is considered small. The horizontal line 
represents the minimum value of equivalent length for a fitting 
and for bend R/d = 6 equals 10 diameters. (In some cases the 
selection of minimum equivalent length is not clearly indicated 
and the value assigned becomes more a matter of judgment.) 

An interesting characteristic of the straight through flow of 
tee is the nature of its E vs. D system shown in Plate 9. Com- 
pared with the corresponding plot for the fittings (bend R/d = 6 
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for example) a reversal in form is exhibited. This phenomenon is 
probably due to the fact that the tee, having a larger inside 
diameter than the connecting tubing, has a calming rather than 
a disturbing influence. The tee apparently acts as a quieting 
chamber. 

From the experimental data shown for bend R/d = 6, it will 
be seen that both E versus Re and E versus D plots on log-log 
coordinates are approximately straight lines for the ranges 
100 < Re < 1000, 1< D< 45. These ranges are not inde- 
pendent of each other but their relationship is evidently not a 
simple one. Although not as useful, a more satisfactory defini- 
tion of the range where the linear condition on log-log coordinates 
exists is 


D < D, where D, is a function of Re (3g) 
Hence, for the range satisfying condition (3g) 
E = ARe® E = A,D® (4) 


Since A and B are functions of D and A, and B, are functions 
of Re 
A 


B 


k, (D) A; = k, (Re) 


d (D) B, = B (Re) § (4a) 


ll 


where k,, k,, \ and 8 represent functions. Substituting equa- 
tions (4a) in equations (4) 


E = k, (D) Re’ (4b) 
E = k, (Re) D*?®° (4c) 


Since D and Re are allowed to vary together in both equations 
(4b) and (4c), the E’s must be the same and 


k; (D)Re* = k, (Re)D® ® (4d) 
The total differential of E is 


(thea SE a 4 OE a 
“aeRe" * aD (4e) 








4) 


ns 


a) 


D) 
c) 


ns 


d) 


e) 
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From equations (4b) and (4c) 
dE 


aRe = k, (D) A (D) Re®)-! (4f) 
oF = ky (Re) 8 (Re) DA*-! (4g) 


Substituting equations (4f) and (4g) in equation (4e) 


: A( D) (Re) 
dB = TEE ade) eee a 





e 


Substituting from equations (4b) and (4c) in equation (4h) 





_ EX (D) E B (Re) 
dE = EXO) are + EPR) ap (4i) 
dE _ X(D) éae : 
E 7 Re dRe +" aD (43) 


~ 


dE 
Since E is the differential of /n E, the right hand side of the 


equation (4j) is an exact expression. But the necessary and 
sufficient condition that the right side of equation (4j) be exact is © 


A (D) B “ey 
pl Re = Re ae (4k) 
Integrating equation. (4k) with regard to D 
_ [?,. [8 (Re)] dD 
 (D) -/ Re— D (41) 
Integrating equation (4k) with regard to Re 
_ {8 a [\ (D)] dRe 
— -f ae a -_ 
From equations (4/) and (4m) 
) R 
d (D) = Re rere in D + 7 (Re) (4n) 
8 (Re) = DEA Ml nRe + 2(D) (4p) 


aD 








252 LAMINAR FLOW FRICTION LOSSES. 


where 7 represents a function. From equation (4k) 


a [8 (Re)] _ ,,a[d (D)] 
at “alee a (4q) 


Substituting equation (4q) in equation (4n) 


\(D) = D? os In D + 7 (Re) (4r) 


Transposing and dividing by (D /n D) [7 (Re) — A (D)] 
dD d [A (D)] 





oO" 5aD s+ Ge = aD) (4s) 
Integration of equation (4s) gives 
A (D) = c; Ind + + (Re) (4t) 
Since equations (4n) and (4t) must be simultaneously true, 
Re it =c( (4u) 
Integrating equation (4u) 
B (Re) =c,/nRe+b . (4v) 
Similarly it can be shown that 
A(D) =a nD+h (4w) 


Substituting from equations (4v) and (4w) in equation (4j) and 
transposing 





(c, Ind +h) (c) InRe +b), dE _ 
ee Re + D dD-[=0 (5) 


which is the differential equation relating E, D, and Re. 
The necessary and sufficient condition that equation (5) be 
integrable is satisfied. Holding E constant, dE = O and 


(c, In D + h) (c; Jn Re + b) i 
een * tated dRe + ‘cae ; Saamiieaas = O (Sa) 





1) 


v) 


w) 


nd 


(S) 


5a) 
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Separating the variables 


_. a dD os 
Relais e+ bd (cy nD +h) ~ 





O (Sb) 


The constant of integration will be a function of the third vari- 
able, E, since it is being held constant. 


dRe J dD eiem 
fmnpetet Dic aD+h)" *© (5c) 


Integrating and transposing 








1 1 
“4 In (cy In Re + b) + i In (cy In D+ h) — @(E) = O (5d) 
1 1 
Differentiating equation (5d) 


Re. Sa eae a 

Re (c, nRe +b) + D(q nD.+h)~ 4%) =O Ge) 

Sa asadid Se 
Re 


dRe + a dD 


— (c, nd +h) (c; nRe+b)d¢(E) =O (5f) 


Comparing equations (5) and (5f) 


1E 
= = (c, In D +h) (c; In Re +b) d¢ (E) (5g) 


From equation (5d) 


c, ¢ (E) = /n [(c, Jn D + h) (c, In Re + b)] (Sh) 


e"*© = ¢, Ind +h) (c, In Re + b) (5i) 
Substituting equation (5i) in (5g) 
dE 
. — ae (Eq Fy (E) (5}) 


Integrating equation (5j) 


c¢, na, E = e*® (5k) 
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Taking the logarithm of both sides 
In In (a, E)“ = c; ¢ (E) (51) 


Substituting for ¢(E) in equation (5d) 


1 1 
re In (cy In Re + b) + By In (cy Jn D 
1 1 


1 
+h) = a In In(ayE)“ (5m) 
1 
Combining, 
In [(c, In Re + b) (c, In D + h)] = Inn (a, E)" (Sn) 
(c, In Re + b) (c; Jn D + h) = Jn (a, E)" (5p) 


Multiplying through, substituting c,; /n a, = hb and collecting 


In [Re 2 P +») HD” a") = In (a; E)* (Sq) 
then 
a, D’ ReM™™® Otho aE (5r) 
; a 
Dividing by a; and letting a = oS 
1 
E = a D> Re" nD+h (5s) 


which is the solution of the differential equation (5). 


Converting from natural _to Briggsian logarithms, 
E=aD> Reve D+h (6) 


which represents the relationship between E, D, and Re for a 
fitting and its corresponding pipe or tubing. 

Equation (6) is called the fundamental equation and is the 
explicit form of the functional relation (3f) originally established 
by dimensional analysis. Since from the property of logarithms 
Reo P = pce equation (6) may also be written 


E =a Reo Do les Re +b (6a) 











>) 


1) 
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To show the symmetry with regard to the variables Re and D, 

equation (6) may’ be written 
Ses a b h clog D c log Re 
E 3 D® Re’ | Re + D 

Equations (6) and (6a) correspond to equations (4b) and (4c) 
and represent the surface in space shown in Figure 10. For 
simplicity, the three dimensions are indicated as logarithmic. 
The, line AB,is the convergent line and is perpendicular to the 


log E-log Re plane.‘t The coordinates of this line for all values 
of D are log E, and log Re,. 


| 


EQUATION OF THE SURFACE E =0D*Re +7 ** 





! 
! 
! 
ith £3. (dns 6 eres 








Leg Re 
FIGURE 10. E-O-Re SURFACE 


The coordinates of point Q on line AB are log E,, log Re,, ard 
log D;. The coordinates of point T are log E,, log Re,, and 
log D, where D, > D,. Let OP, which is a straight line (since 


_the E-Re lines on log-log coordinates are straight), be the gen- 


erating element of the surface. Now let OP move so that Q 
slides toward T along the convergent line AB and at the same 
time let the slope of the generating element at any point be a 
linear function of the logarithmic distance the element has moved 
from Q. Such a motion will generate the surface OPNM and 
represents geometrically the fundamental equation. 
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Assuming that conventional pipe or tubing sizes are used, each 
fitting has its own fundamental equation and corresponding sur- 
face. It is apparent that the convergent point (E,, Re.) is char- 
acteristic of the fitting. Hence, it should be possible to determine 
the values of E, and Re, for a given fitting from the constants 
(a, b, c, h) of the system. The fundamental equation should also 
yield the relation of E, to Re and a method for calculating D,. 


E=a Re® p° Re +b (6a) 
Since at the convergent point E is independent of D 
= O 6b 


Taking the partial derivative of (6a) 
dE 


aD = 2 Re" (c log Re + b) D°# Re +>! (6c) 


Applying the condition in equation (6b) 


a Re."(c log Re. + b) D°# Ree t>-1= O (6d) 

and 
c log Re. +b =O (6e) 
Ra: «10°73 (6f) 


Substituting equations (6e) and (6f) in equation (6a) 
hb 
E, =a10-c (6g) 


Equations (6f) and (6g) give the coordinates of the convergent 
point in terms of the constants of the system. The relation 
between E, and Re, is from equations (6f) and (6g), 


E. = a Re, (6h) 


For a given Reynolds number it is now possible to calculate 
the transition length, D,. Substituting in the fundamental equa- 
tion (6a) D = D, and E = E,. 


E, =a Re® D,° log Re + b (6i) 





b) 


d) 


e) 
if) 


ig) 
nt 
on 


jh) 


ite 


6i) 
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Dividing equation (6i) by the fundamental equation (6a) 
E D, clog Re +b : 
E ci (?:) ‘ (6)) 


ae See 
— o(-==" (6k) 


Equation (6k) together with one of the E versus D plots for a 
fitting at a given Reynolds number gives the value of D,, for the 
prevailing flow conditions. 

In general, if the equivalent length measured to one point in 
the transition length is known, the equivalent length measured 
to any other point may be obtained from 


D, clog Re +b 
E, = E, is) (6/) 
where E; is the equivalent length measured to D, and E, the 
unknown equivalent length measured to D). 
The condition in relation (3g) which must hold for the funda- 
mental equation to be valid now becomes 


1 
D < D, where D, = D (By evils (6m) 


According to the theory developed up to this point, the transi- 
tion length, D,, for a given fitting, should be a function of the 
Reynolds number alone. That this may not be strictly true is 
indicated by some experiments on bend R/d = 3. 

The Reynolds number of 985 was obtained two different ways; 
first, with an oil temperature of 122°F. and second, with an oil 
temperature of 130°F. In Figure 11 it will be seen that the two 
different curves correspond to the two different oil temperatures. 
It should be noticed that the real equivalent length, E,, is the 
same for both curves. The transition length, D,, and the rate 
at which the pseudo-equivalent length becomes the real equiva- 
lent length, E,, appear to differ for the two sets of flow conditions 
even though the Reynolds numbers are the same. 

Whether these differences are rightfully chargeable to experi- 
mental error or whether this observation indicates that the forms 
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of the E versus D curves and the transition length, D,, depend 
not only on the Reynolds number but also on the manner in 
which the Reynolds number is obtained remains for the present 


a matter for conjecture. 
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FIGURE 13 


Were these effects great, it would follow that a, b, c, and h‘in 
the fundamental equation are not strictly constant for a particu- 
lar fitting but only approximately so. They would depend on 
how the. flow conditions for the Reynolds number are attained. 

The problem of extending the graphical and mathematical 
solutions obtained for one fitting to a similar fitting of different 
size is important. It is evident that all dynamically similar 
systems will have the same solutions, i.e., the same value of 
equivalent length in diameters when measured to corresponding 
points. 

Assume two systems with fittings of different sizes and cor- 
responding tubing as shown in Figure 12. For the two systems 
to be dynamically similar, 
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E, = E,; D,; = D2; Re = Re, (7) 


where the subscript 1 refers to the larger fitting. - 
Substituting in the fundamental equation (6) for the two 
systems, 


Eu ay Dp” Re* log D + hi (7a) 


eet a> D”™ Re® ez D + he (7b) 
Dividing equation (7a) by (7b) 


# sie “4 DP! — b Rel: - a) log D +h — hs (7c) 
2 


Since D and Re are independent variables, equation (7c) can be 
true only if 


a, = a, by = by, cy = C2, hy = hy (7d) 


The constants a, b, c, and h of a system are functions of the 
relative geometrical contours and roughness of the fitting and 
the tubing. The roughness factor is difficult to evaluate but it 
is likely that in the laminar region its effect is small compared 
with the obstruction offered by the physical contours of the 
fitting itself. 

For the fittings to be geometrically similar it is necessary that 
the ratio of all corresponding dimensions be equal. Let y,; and 
y2 (Figure 12) be the bores of the fittings and z, and z, any other 
corresponding linear dimensions. Then 


i (7e) 


For the systems to be similar, the ratios of the bores of the 
fittings to the inside diameter of the connecting tubing must also 
be equal. Let d, and d, be the diameter of the tubing, then 


Yi _ ¥2 
aa (7f) 
The necessary and sufficient conditions that two systems be 
completely similar are given by equations (7), (7e) and (7f). 
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IV—DIscussioN OF FLoOw CONDITIONS IN THE 
TRANSITION LENGTH. 


The E versus D lines for a fitting have a positive slope for 
Reynolds numbers above Re,, substantially a zero slope for 
Reynolds numbers equal to Re, and a negative slope for Reyn- 
olds numbers under Re,. 

When this difference in the sign of the slope was first observed, 
it was difficult to visualize the existence of a critical value, Re,, 
because the investigated flow is laminar above and below the con- 
vergent Reynolds number. Since Poiseuille’s Law fits the laminar 
region and since the flow in the straight pipe is the same, the 
explanation must come from the manner in which the fluid is 
affected in passing through the fitting. 

Figure 13 shows the pressure gradients of a system at Re > 
Re. (MQNN;,), at Re = Re, (MQSS;) and at Re < Re, (MQTT;) 
where T, S, and N are points in the transition length. 


dpm 
Let a 
of the particular flow conditions. From the slope of the E vs. D 
curves in the transition range, the following relationships for 
points T,S, and N must be true. 


be the pressure gradient at point M and characteristic 


, dpr — dpm 
when Re < Re,, a < a: (8a) 
i dps _ dpm 
when Re = Re,, ax = a (8b) 
f dpy ~ dpm 
when Re > Re,, an > ey (8c) 


The experimental fact in relation (8a) indicates an increase in 
static pressure at point T in the transition length. For a fixed 
flow rate, the only possible way to increase the static pressure 
is by conversion at the expense of velocity pressure. From 
Bernoulli’s Theorem, the transformation of velocity pressure to 
static pressure occurs when the cross-sectional area of the moving 
fluid is increasing. With this fact in mind, it is possible to picture 
the conditions of flow in the transition length. 
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FITTING Stagnant Fluid 
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From Diagram A in Figure 14 it is apparent for the case when 
Re < Re, that the velocity at T is greater than at M or T,. The 
static pressure at T is lower because of the increased kinetic 
energy. 

For the special case Re = Re,, equation (8b) means that 
static pressure is being regenerated from velocity pressure at 
approximately the same rate as static pressure is being lost in 
the axial advance of the fluid. Diagram B in Figure 14 shows the 
cross-sectional area at S, any point downstream from the fitting, 
to be the same as at M and §S,. 

For the last case, Re > Re,., equation (8c) indicates that 
static pressure is being dissipated at point N at a faster rate 
than can be accounted for by the axial advance of the fluid in 
the pipe. This means that in the transition length another 
method of energy dissipation is being encountered. 

Up to Re = Re,, the flow after the fitting is streamline and 
the disturbance, if any, caused by the fitting is not propagated 
downstream. At point T, for example, the flow is essentially a 
process of regenerating static head from the velocity head and 
relatively few streamlines, if any, intersect. 

For the case where Re > Re,, the disturbance caused by the 
fitting is propagated downstream indicating that the streamlines 
are being broken to produce eddies. The creation and mainte- 
nance of these eddies require energy, the loss of which makes the 
pressure gradient at point N higher than at point M or N,. The 
eddies will be gradually dissipated until beyond the transition 
length (which depends on Reynolds number and the magnitude 
of the disturbance) the flow returns to its characteristic laminar 
condition with parabolic velocity distribution. 

Diagram C in Figure 14 shows the propagation of the disturb- 
ance downstream to a point N, for the flow condition Re > Re,. 
The intensity of excess energy dissipation in the transition length 
is indicated. Beyond N,, the flow is again streamline and the 
pressure gradient and velocity distribution are again character- 
istic of the flow conditions in the straight pipe. 

Why the equivalent length rises in the transition length as 
the low pressure piezometer ring is moved further downstream 
is evident from Diagram C. The intensity of the disturbance is 
falling off but more of the energy lost is being measured until at 
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point N, and beyond the pressure measurement will include all 
the energy loss caused by the fitting. 

The discussion of flow conditions downstream assumed that 
the fitting furnished an actual obstruction to the flow such as 
reduced cross-sectional area in the case of the globe valve. All 
that is necessary, however, for relations (8a), (8b), and (8c) to 
be true is that a restrictive influence of any kind affect the flow. 
The cross-sectional area for elbows is larger than and for bends 
equal to the cross-sectional area of the tubing but they impede 
the flow by imposing a 90 degree change in direction and, hence, 
satisfy relations (8a), (8b), and (8c). 


V—THE FUNDAMENTAL EQUATION. 


The fundamental equation has been derived theoretically but 
it may be obtained from the plots of the empirical data. 
From Figure 8 


E = ARe® (D = constant) (9) 


It is apparent that A and B are functions of D. The angle 
the E versus D lines make with the abscissa is @ which is also 
a function of D. 

The plot of A against D for six fittings, shown in Figure 15, 
was found to be virtually a straight line on log-log coordinates. 
Then 


A =a D? where b = tana (9a) 


The plot of B against D gives a straight line on semi-log 
coordinates as shown in Figure 16. Then 


B=clogD+h (9b) 
Substituting equations (9a) and (9b) in equation (9) 
E =a D> Re eP th (9c) 


which is the fumdamental equation as derived theoretically. 
The constants a and b can be evaluated from the A versus D 

plot, the constants c and h from the B versus D plot. Calcula- 

tions for the six fittings and their fundamental equations are 








LAMINAR FLOW FRICTION LOSSES. 265 


shown in Figure 17. Comparisons of the calculated and observed 
values of E, and Re, for the six fittings are also shown in Figure 
17. In view of the large degree of uncertainty in the constants 
a, b, c, and h, the calculated and observed values of E, and Re, 
agree fairly well. 
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FIGURE 16. 8B VS. D 


The globe and angle valves do not show enough variation of 
E with D to derive their fundamental equations. The equivalent 
lengths of the gate valve and through-flow of the tee are too 
small and inconsistent to permit the determination of the con- 
stants of the fundamental equation. 
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FUNDAMENTAL EQUATION — EMPIRICAL DETERACINATION. 
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FIGURE 16. E, VS. Re FOR FITTINGS TESTED 


VI—EQUIVALENT LENGTH NOMOGRAM. 


The plots of the real equivalent length (E,), against Reynolds 
number for all the fittings tested are shown in Figure 18. 

A nomogram of real and pseudo-equivalent lengths, prepared 
from the original data of the fittings, is presented in Figure 19. 
The minimum values of equivalent length are also indicated. To 
use the E-D-Re nomogram for a particular fitting, connect the 
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fixed convergent point to the proper point on the D scale with a 
straight line and read the value of equivalent length for the 
desired Reynolds number. 

It should be remembered that the E-D-Re nomogram was 
obtained for tubing and bends with 3.705 inch I.D. and the 
remaining fittings 314 inch I.P.S. The validity of the nomogram 
for different sizes of fittings and their corresponding I.P.S. tubing 
will depend on the similarity considerations already discussed. 











may 8 
8 GLOSSARY OF SYMBOLS AND TERMS. 
48 Re Reynolds number. 
8 f Friction factor. 
: E Equivalent length in diameters. 
g z R Radius of curvature of bends. 
: ; D Distance downstream from fitting in diameters. 
” d Inside diameter of tubing. 
ke x Distance downstream from fitting. 
| 3 ; p Density. \ 
23 : m Viscosity. : 
; on : u/p Kinematic viscosity. 
33 } V Velocity. 
of Ap Pressure drop. } 
. R/d Relative radius, bend ratio. 
mn E. Equivalent length at convergent point. 
g Re, Reynolds number at convergent point. 
2 AP. Pressure drop of a fitting. 
| ml Ap|n Pressure drop from a point M to a point N. 
ag AP» Pressure drop due to the straight pipe or tubing 
in a system. 
Ap. Pressure drop per diameter of pipe or tubing. 


a. Equivalent length when E is independent of D. 
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Distance downstream-in diameters where E_be- 
comes independent*of D. 


‘ . Vpx 
Dimensionless group nan onl 
Mm 
Functions. 


Constants. 

Angle E vs. Re lines make with abscissa on 
log-log paper. 

Coefficient in equation representing E vs. Re 
lines (E = A Re®). 

Coefficient in fundamental equation. 

Tangent 06. 

Angle of A vs. D lines on log-log paper. 

Tangent a, constant in fundamental equation. 

Slope of B vs. D lines, constant in fundamental 
equation. 


Pressure gradient. 


Characteristic linear dimension of a fitting (ex- 
ample, bore of globe valve). 


Any linear dimension of fitting. 
Inside diameter of pipe or tubing. 
Pressure drop corresponding to E,. 


The point on the E-Re plane where all E vs. Re 
lines converge. At this point, E is practically 
independent of D. 


The distance downstream in diameters from a 
fitting to the downstream piezometer ring or 
the next fitting. 


General term for valve, fitting or bend; also 
called a unit. 


E = aD? RetheD +h 
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GAS TURBINES AND SUPERCHARGERS. 


Several illustrations and all references of this paper have been eliminated 
when reprinting it from the December, 1943, issue of General Electric 
Review. Students of the gas turbine are referred to that magazine for 
an excellent list of early references on the subject. This article was pre- 
sented as a paper at the recent annual meeting of the American Society of 
Mechanical Engineers, in New York City, by Sanford A. Moss, long-time 


consulting engineer, Supercharger Engineering Division, General Electric 
Company. 


Production of power by direct action of products of combustion on a 
turbine wheel has been an engineering dream for a century and a half. 
A number of approaches to the complete scheme now are in successful 
commercial operation, and it seems possible that these are paving the 
way for the long-sought accomplishment of the primary plan of the gas 
turbine as an efficient prime mover. So it would now seem opportune 
to give some history and reminiscence (without any thermodynamics), list 
the partial accomplishments now in commercial use, and speculate on the 
future. The author can do this from personal association with many of 
the items ever since he became, in 1895, one of the many who have had 
dreams in the matter. 
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Figure 1—D1acraMMatic PLAN oF FUNDAMENTAL Gas TuRBINE. 


This association with gas-turbine developments has occurred during an 
engineering career which began in San Francisco in 1889, with a machinist 
apprenticeship, following with work as draftsman in the shop of Edward 
A. Rix (an early master in compressed-air co gen and continuing 
as a draftsman in various gas-engine shops. This was before the days of 
electric transmission, and there were several plans of compressed-air power 
and transmission in successful operation, One was the use by Mr. Rix 
of the early impulse water-wheel of Pelton to drive an air compressor, 
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with a transmission pipe line some miles long, and then a reciprocating 
hoisting engine using the transmitted air after it had been reheated by 
coal or eoke so as to increase its volume. So this really was a com- 
bustion heat-engine cycle. Its thermodynamics, which is that of the 
“Brayton constant-pressure cycle,” is an early item of the present subject. 
Mr. Rix and his associates also had a street railway in New York City 
operating on compressed air stored in steel cylinders. But the author re- 
members how these and similar schemes soon were replaced by the early 
electric transmissions. 


GaS-TURBINE PROPOSALS. 


Beginning about 1890, both the steam turbine and the internal-combus- 
tion reciprocating engine began the competition which finally resulted in 
the elimination of the reciprocating steam engine as a prime mover, except 
for the steam locomotive, and some ship installations. 


Ever since the beginning of this period, it keeps occurring independently 
to students of thermodynamics that the steam turbine and internal-com- 
bustion engine might be combined, and so they “invent” the gas turbine. 
The usual form of this, shown in Figure 1, has a chamber into which is 
forced compressed air and fuel, usually oil, so as to give combustion under 
pressure. The products pass through a nozzle so as to drive a turbine 
wheel, part of whose power drives the combustion-chamber compressor, 
and the remainder (if any) is the net power derived from the fuel 
burned. 

The author was one of the many of these “inventors,” while a student 
in the classes in Thermodynamics and Hydrodynamics of Prof. Frederick 
G. Hesse at the University of California in 1895. Since then, the author’s 
engineering career, now drawing to a close, always has been directed 
toward the gas turbine. He also has tried to keep posted on the numerous 
advances in other fields which could help the gas turbine, as well as on 
the many gas-turbine publications. 


Like most of the other inventors, the author at first thought he was 
alone in the gas-turbine field. In 1900, an account was written as a 
Master’s Thesis and filed in the University of California Library, which 
gives early proposals of some details. 

Associated with Mr. Rix and the compressed-air street railway in New 
York City was a Chicago firm, “The Vimotum Company,” engaged in 
promoting operation of railway cars by internal combustion. The author 
participated during 1898-1899 in the actual operation on the “Big 4” 
railway tracks between Columbus and Indianapolis (Ind.), and later on 
the Pennsylvania Railroad tracks between Chester and Darby (Pa.), of 
full-sized railway passenger cars, self-propelled by gasoline engines, using 
the “variable-speed transmission” of the Reeves Pulley Company of Colum- 
bus (Ind.). This probably was the predecessor of all modern internal- 
combustion locomotives. Plans were formulated in 1898 for replacing 
the gasoline engine by a gas turbine as was set forth in the Master’s 
Thesis. This is the earliest proposal that the author knows of for a gas- 
turbine locomotive. But the proposition never came to a head, which 
was just as well, because then it never could have been made operative. 

During the planning for this proposed gas-turbine locomotive, patent 
searches were made, and unexpectedly there was found a British patent 
of November 30, 1791, to John Barber, giving probably for the first time, 
the fundamental gas-turbine plan. There was a combustion chamber into 
which fuel and air were introduced, with a nozzle from which the products 
of combustion issued onto a turbine wheel. This supplied power to drive 
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the compressor, as well as external power. Barber’s apparatus probably 
never was operated. 

An early diagram of Barber’s cycle is given in Figure 1, from the Doctor’s 
Thesis. Many gas turbines proposed since differ in plan only by the 
addition of a heat interchanger for transferring the heat of the exhaust 
gases to the compressed air proceeding to the combustion chamber. 
An early mention of this is in the Theses, and an experimental model was 
made in 1905. 

Davey lists some partial approaches to the gas turbine and gives a list 
of British patents beginning in 1856. The earliest complete United States 
gas-turbine patent of which the author has personal knowledge is to 
Charles G. Curtis, June 24, 1895. Mr. Curtis had extensive connections, 
with regard to steam turbines, with the General Electric Company. The 
author has some knowledge of these, but none of any actual work on 
gas turbines by Mr. Curtis. 

At this same time is a United States patent to Leon Le Pontois, filed 
December 5, 1895, on an explosive-combustion chamber for a gas tur- 
bine. This was the subject of a Doctor’s Thesis at Cornell University 
by Walter O. Amsler in 1897. Actual tests were made of Le Pontois’ 
explosive apparatus, as well as a theoretical study, with unfavorable 
conclusions. 


Unitep States Gas-TURBINE RESEARCH. 


The author always has had in mind continuous combustion, and after 
the gas-turbine-locomotive scheme, proposed in 1898, came to naught, he 
started gas-turbine research in 1901, in the Sibley College Laboratory, 
Cornell University. Laboratory time for a year was required to get a 
continuous-combustion chamber in stable operation. It frequently went 
out and then the oil on the red-hot firebrick lining filled the neighborhood 
with dense black smoke, so the Sibley College people well knew of the 
gas-turbine research. 

The first De Laval steam turbine in the United States, which had been 
exhibited at the World’s Fair in Chicago in 1893, was used for the De 
Laval nozzle-patent demonstration mentioned later, and then went to 
Cornell. So the bucket wheel of this turbine was borrowed and operated 
with the combustion chamber, about the end of 1902. This probably was 
the first turbine wheel actually operated by products of combustion, in 
the United States, and possibly was the first such turbine wheel ever oper- 
ated. The entire power was absorbed by a Prony brake, and the air for 
compression was furnished by a steam compressor, with computation of the 
power required. 

But, as with many other experimental gas turbines, the power for com- 
pression was more than the turbine power. So except for the historical 
fact that the combustion chamber actually operated the turbine wheel, 
the experiment was a flat failure. A Doctor’s Thesis was prepared and 
presented to Charles P. Steinmetz and Ernest J. Berg of the General 
Electric Company. The author previously had been a draftsman on steam- 
turbine work with General Electric. In June, 1903, the connection was 
resumed and has continued ever since, with work on various items more 
or less connected with gas turbines. ; 

A number of General Electric models of gas turbines successively were 
gotten into operation, first at Schenectady, and, ry teen! in 1904, at Lynn, 
with consultation with Prof. Elihn Thomson and Richard H. Rice. There 
were combustion chamber, heat interchanger, nozzle, and single-stage im- 
pulse turbine wheel; but with power for compression from an independent 
air compressor and allowed for by computations. Some U. S. patents 
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were obtained during this research. The results of this research will be 
given later in this article. The patent drawings show fairly well the 
actual apparatus used. 


ForeiGN Gas-TURBINE RESEARCH. 


A gas-turbine patent was applied for by Charles Lemale about 1901, 
and he began association with Rene Armengaud in 1903, in actual opera- 
tion in France of a continuous-combustion gas turbine. This probably 
was the earliest elaborate gas-turbine experimental work. From then on, 
there have been many proposals and tests of various sorts of gas turbines. 

Some of these operate with a hydraulic column; operate below acmos- 
pheric pressure; have cooling by water injection; have hollow turbine 
buckets with cooling; have cooling by air excess; use pulverized coal; use 
reheating combustion; or have cooled compressors. But most of these 
have not led to any conclusive results. The cycle now receiving the most 
attention is that of Figure 1, with the addition of the heat interchanger 
of the previously mentioned Theses. 


Nozz.es For STEAM AND Gas TURBINES. 


Beginning about 1885, there were many arguments concerning the power 
that could be obtained by expansion in a nozzle of a jet directed on a 
turbine wheel. Napier had shown experimentally that, when steam was 
discharged from an opening in a vessel into a region of lower pressure, 
the flow increased as the pressure in the outer region decreased, until the 
outer pressure became about one-half of the pressure in the vessel. For 
lower values of the outer pressure, there was no increase in flow. There- 
fore, it was argued that full theoretical velocity of a steam-nozzle jet 
could not be obtained when the pressure ratio was less than 0.5. It seemed 
reasonable to assume that the theoretical power from a steam-turbine wheel 
was the same as from a reciprocating steam engine, for pressure ratios 
between 1.0 and 0.5. But Napier’s law meant that for pressure ratios 
less than 0.5 a steam turbine would not theoretically give the same power 
as a steam engine. 

Carl Gustaf Patrick De Laval was building single-stage steam turbines in 
Sweden with steam pressures of 115 psia or so, exhausting into atmospheric 
pressure of about 15 psi. He said he was avoiding the disability of 
Napier’s law by using a nozzle first convergent and then divergent, pop- 
ularly called an “expanding nozzle,” because of the final divergent portion. 
De Laval tried to get a United States patent on this shape, and the official 
file shows that Napier’s law was cited against him, with the support of 
scientific experts, including Gustave Zeuner, the famous German engineer. 
Finally, De Laval with his 1893 Chicago World’s Fair turbine gave an 
actual demonstration that he was right. 

The theoretical reasons for a nozzle first convergent and then divergent 
already had been given by Osborne Reynolds, with the first diagram of 
such a nozzle. But this was buried in a philosophical magazine, and does 
not seem to have been appreciated by engineers. At a much later date it 
began to be understood that the theoretical available energy for a steam 
turbine with proper nozzles is the same as for the corresponding recip- 
rocating engine. But there was a period within the memory of the 
author when engineering ignorance in this matter held back steam-turbine 
development. 

Next it was argued that, while proper power could be developed by use 
of a steam nozzle, it was because of proximity of the fluid to condensation. 
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But, so it was said, circumstances differed with gases far removed from 
condensation, such as products of combustion, so that a gas-turbine nozzle 
never could be efficient. Experimental measurements were published of 
temperatures measured along a nozzle producing a jet of a nearly perfect 
gas, showing that the temperature did not fall with lowering of pressure, 
as was predicted by the formulas for isentropic expansion. It was pointed 
out that, with an expanding gas, mechanical energy only could be developed 
by conversion of internal energy, as manifested by temperature drop. 
Thus, it was argued that proper conversion of pressure drop into velocity 
could not be accomplished by a gas-turbine nozzle. 

To give further support to this contention, a test was published in which 
a De Laval single-stage turbine was operated at full speed with compressed 
air. To avoid complication, no power was abstracted from the turbine 
shaft. There was measurement of temperature in the pipe preceding the 
nozzle, and in the exhaust pipe. The pressures in the inlet pipe varied in 
different tests from about 12 to 123 psi, with atmospheric pressure in the 
exhaust pipe. But in spite of these pressure drops, which corresponded to 
appreciable drops of isentropic temperature, the temperatures in the exhaust 
pipe always were nearly the same as in the inlet pipe. Since compressed 
air within the pressure limits used is nearly a perfect gas, the equality of 
temperature showed that, in spite of passage through the nozzle, no 
internal energy had been abstracted corresponding to an isentropic drop 
of temperature. Thus, a nearly perfect gas such as air or products of 
combustion would not liberate its energy by isentropic drop in a turbine 
nozzle, and so a gas turbine could not be efficient. 

This experiment was published in all seriousness as a demonstration of 
the point made. But if a student of engineering has not by now detected 
the fallacy, he has fallen into a trap which often before has been set b 
the author for the unwary thermodynamist. As was mentioned wit 
planned casualness, no energy was extracted from the turbine shaft, so 
that all of the kinetic energy of the jet, which no doubt was nearly the 
theoretical isentropic value, was converted into heat by turbine-bucket 
and rotation-loss friction. With the nearly perfect gas used, this restored 
the original temperature, as could be expected. 


The temperature-measurement experiment was equally fallacious. The 
jet flowing along the nozzle no doubt had the full velocity and low 
temperature at each point corresponding to the isentropic pressure drop. 
But the temperature-measuring apparatus destroyed this velocity, convert- 
ing it into heat, and so, with a perfect gas, restored the initial temperature. 

The theory of this, possibly for the first time, was published in 1916. 
This paper also describes an experiment made by the author about 1905. 
Steam, initially slightly wet, and at an appreciable pressure, was discharged 
into the atmosphere through a properly shaped nozzle. As is well known, 
the initially wet steam became wetter as it expanded to atmospheric pres- 
sure, and so the jet leaving the nozzle had the “static” temperature of wet 
steam at atmospheric pressure, which is 212 F. But a thermometer inserted 
in the nozzle jet showed a much higher temperature, the result of con- 
version of some of the jet velocity into heat. Complete conversion would 
give a temperature called “impact temperature” in the 1916 reference, but 
now beginning to be called “total temperature.” The situation nowadays 
is fairly well understood, and it seems to be remembered that it was 
explained in the 1916 publication of the 1905 experiment. 


But, although the fallacies of the two publications mentioned are very 
evident now, and cannot be cited against the ultimate success of the gas 
turbine, and were partially refuted at the time, they were disturbing 
factors during the General Electric gas-turbine research and had to be 
argued against. 











NOTES. 


Compressors FOR GAS TURBINES. 


A part of a gas-turbine plant is an air compressor to force air into the 
combustion chamber, which must be driven by part of the power from 
the turbine wheel. In the fall of 1903, the General Electric gas-turbine 
research began to include the development of a “centrigufal compressor,” 
with rotative speed suitable for direct connection to the gas-turbine wheel. 
High-speed wheels previously had been proposed for air compression, with 
some sort of “reversed nozzle,” since called a “diffuser,” for converting 
into pressure the absolute velocity of air leaving the wheel periphery. 
Such diffusers had begun to be used for incompressible fluids. They prob- 
ably first had been used in 1895 in a centrifugal pump of the famous 
English scientist Osborne Reynolds. 

But De Laval’s plan of a turbine nozzle, first convergent and then diver- 
gent, for a compressible fluid, now was firmly fixed. With this was the 
idea that a “reversed nozzle” for converting velocity into pressure with a 
compressible fluid, such as air, always should be the reverse of the De 
Laval expanding nozzle. Therefore, the foregoing compressor references 
show such passages beyond the high-speed wheels, with the minimum 
section or throat of De Laval; and speak of “throat conversions of velocity 
into pressure.” The famous French engineer, August Rateau, was working 
on high-speed centrifugal air compressors about this time, but the author 
never has been able to find out if he then used diffusers, and if so what 
his early ideas were about their shape. Rateau supplied centrifugal com- 
pressors for the Armengand-Lamale gas-turbine work. 


In a patent applied for in 1904, it was set forth correctly, probably for 
the first time, that with velocities below the velocity of sound, in the 
case of a diffuser for a compressible fluid, the velocity changes are the 
major items, so that passage areas change inversely as velocities, just as 
with an incompressible fluid. But with velocities greater than the velocity 
of sound, the change of volume with a compressible fluid, due to change 
of pressure, is the major item, so that increase of velocity in a nozzle 
requires increase of area, and decrease of velocity in a diffuser requires 
decrease of area. So with a centrifugal air compressor with impeller exit 
velocity less than the velocity of sound, the diffuser must be divergent, 
just as with a centrifugal pump. But for velocities greater than the 
velocity of sound, the theoretical diffuser first is convergent, has a throat, 
and then is divergent. All of this now is elementary knowledge but in 
1904 it was not evident. 


The velocities of the General Electric centrifugal compressor for the 
proposed gas turbine always were such as to require theoretically a diver- 
gent diffuser, and development work on this basis was begun in 1904, 
under the supervision of Richard H. Rice, with the collaboration of the 
author and other General Electric engineers. When the primary gas-tur- 
bine research ceased in 1907, the centrifugal compressor had developed 
so that it became a commercial product of itself. One early result was 
the use of centrifugal compressors for blast furnaces for production of 
pig iron. This met early opposition from advocates of reciprocating 
“blowing tubs,” and it was alleged that a centrifugal compressor, oper- 
ated by a flow-metering device to deliver a constant weight flow of air, 
nevertheless was subject to a process called “churning” whereby the im- 
pellers would rotate without delivering any air, in spite of the indication 
of the flow meter. This was shown to be a fallacy. Also it was shown 
that even though internal-combustion engines operated by blast-furnace 
gas might have somewhat better thermal efficiency, the small fixed and 
maintenance charges of the centrifugal compressor gave lower total cost 
of blast-furnace operation. 
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Rateau did some early centrifugal-compressor work already mentioned, a 
great deal of it for gas turbines. Some work probably also was done 
elsewhere in Europe. The Ingersoll-Rand Company has continued the 
development in the United States. As one result, centrifugal compressors, 
started in the United States as a gas-turbine by-product, now are almost 
exclusively used throughout the world for blast-furnace blowing, as well 
as for many other purposes. 


As another part of the General Electric development, geared centri- 
fugal superchargers for United States aviation engines began about 1925, 
and now are in enormous production, op impellers based on the original 
Osborne Reynolds design. But in spite of the fact that some of this cen- 
trifugal-compressor development was inspired by the gas turbine, there is 
present evidence that the centrifugal compressor may be exceeded in 
efficiency by a comparatively recent competitor, the “axial-flow blower.” 
If so, this blower will be the one used in the ultimate gas turbine. These 
blowers are used in the Neuchatel gas-turbine power plant and Swiss 
gas-turbine locomotive. But, on the other hand, they have a shorter oper- 
ating range and many more stages than the centrifugal compressor, and 
progress is being made in improvement in efficiency of the latter. How- 
ever, this is a matter for the future, and cannot be settled here. 


At any rate, the gas turbine had its part in introducing centrifugal 
compressors for blast furnaces, many industrial purposes, and present geared 
and turbosuperchargers. 


Unirep Srates GaAS-TURBINE RESEARCH CONTINUED. 


The General Electric gas-turbine work, previously mentioned as begin- 
ning in June, 1903, continued until about 1907. At first the power for 
compression consumed all of the turbine power. Some approximate fig- 
ures will show why. Suppose a gas-turbine wheel theoretically delivered 
100 Hp., and suppose the compressor theoretically required 49 Hp. Then 
there would be theoretically 51 net Hp. But the turbine wheel might have 
an efficiency of 70 per cent, so that it actually would deliver 70 Hp.; and 
the compressor ssh have an efficiency of 70 per cent, so the net horse- 
power would come out 100 X 0.70 — 49/0.70. fore the reader is cruel 
enough to laugh at this result, let him put himself in the place of lots of 
us gas-turbine inventors who have sweated blood through years of research 
only to come out this way or worse. The reason is that, with the 51 
theoretical Hp., net, we have apparatus of 149 theoretical Hp., with con- 
sequent losses, instead of the losses directly corresponding to 51 Hp. A 
reciprocating internal-combustion engine deducts the power for com- 
pression from the gross power, before any power is delivered, and so the 
losses are based upon the net power output rather than upon the sum of 
powers of compression and expansion. 


This article purports to give items other than the vast number of gas- 
turbine thermodynamic computations which have been published by many 
persons, the author among them. But a simple approximate computation 
can be made which will show the other side of the foregoing picture of a 
gas turbine with a zero net power. This is on the basis that the 
products of combustion act as a perfect gas and have mass and properties 
of the same nature as those of the original air for combustion. Suppose 
the initial pressure for the compressor and the exhaust pressure of the 
turbine is 14.7 psia and suppose the final pressure of the compressor and 
the nozzle inlet pressure of the turbine is 49 psig or 63.7 psia. With such 
equality of initial and final pressures for turbine and compressor, the ratio 
of the theoretical power from the turbine to the theoretical power required 
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for the compressor is equal to the ratio of the absolute temperature at 
nozzle inlet to the theoretical absolute temperature at the end of isentropic 
air compression. 


A test of the Neuchatel gas turbine is cited later, and its figures should 
be before every gas-turbine student. The ratio of the theoretical powers 
in test No. 2 is 1.83, and the ratio of the absolute temperatures is 1.82, 
which shows the character of the approximation here being made. With 
70 F. inlet temperature, the compressor isentropic final temperature is 
802 F. absolute. Suppose the temperature at the turbine nozzle inlet is 
1946 F. This is a high temperature, but within the bounds of possibility. 
The absolute temperature at the nozzle inlet then is 2406 F. The ratio of 
absolute temperatures, which is approximately the ratio of the theoretical 
powers, then is 3; that is, the theoretical power for the compressor is 33 
per cent of the theoretical turbine power. 


Using the efficiencies of the Neuchatel gas-turbine test, the compressor 
efficiency is about 85 per cent, so the actual power for the compressor is 
0.33 /0.85 or 39 per cent of the theoretical turbine power. With 88 per 
cent efficiency of the turbine, the actual power from the turbine is 88 
per cent of the turbine theoretical power. That is to say, the net power is 
(0.88-0.39) /0.88 or 55 per cent of the turbine actual power. This figure 
is far beyond the 1907 possibility, and is on the basis of all of the progress 
since that date, and then some. The Neuchatel gas-turbine test has a 
turbine temperature of about 1000 F., much lower than the 1946 F. pre- 
viously assumed, so that the net power only is about 27 per cent of the 
actual turbine power. But, while in 1907, we hoped for everything that 
since has been shown by the Neuchatel test, the turbosupercharger, and 
all the other progress, the actual reality was far different. 


So the General Electric -turbine research continued until a fuel 
consumption of 4 pounds of kerosene per net Hp.-hr. was in sight. At 
that time good oil engines were using 1 pound of oil. per net Hp.-hr. Even 
though it seemed certain that the clouds cast upon the operation of a 
gas-turbine nozzle, had no basis in fact, it was thought desirable to measure 
actual spouting velocity of products of combustion. So the combustion 
chamber was flexibly mounted, and nozzle reaction measured. 


The work was difficult to conduct with accuracy, but enough was done 
to indicate that the only corrections needed were to take account of 
departures from the perfect gas laws of the products of combustion. 
Similar nozzle-reaction experiments later were conducted by Glenn B. 
Warren with similar results. Recently, Dr. Chester W. Smith and other 
General Electric engineers have worked on tables of available energy of 
products of combustion for turbosuperchargers, with exact values of 
specific heat. But probably more work needs to be done to get exact 
available energies for gas turbines. 


All of the early General Electric gas-turbine work was conducted with 
temperatures possible with materials then known, and with creep un- 
known. No vision was had of the possibilities which the turbosuper- 
charger work has developed. So the temperatures were kept low by 
air excess or water injection, both resulting in inefficiencies. No way 
then seemed open to do better, and so the gas-turbine part of the research 
was postponed, but with vigorous commercial work on centrifugal com- 
pressors, as already mentioned. 


Among the many persons who long have had gas-turbine ideas are two 
with whom the author has had the pleasure of personal acquaintance, and 
who have made some publication, Dr. Harvey N. Davis, President of 
Stevens Institute of Technology, and Glenn B. Warren, Designing Engi- 
neer of the Steam Turbine Division of the General Electric Company. 




















NOTES. 


ExpLosivE AND CoNTINUoUS COMBUSTION. 


The gas turbine had been expected to replace the reciprocating internal- 
combustion engine, and so there was an early idea that it was essential 
that gas-turbine combustion should be similar. This led to a number of 
proposals for explosive gas turbines, as in the case of Le Pontois, already 
cited. A German engineer, Hans Holzwarth, has made extensive publica- 
tions on such apparatus through many years. But there seems doubt as to 
whether he ever reported performance of a complete machine which 
compressed its own air. 

Opposed to these explosive turbines are those based on continuous 
combustion under pressure. The possibility of efficient operation once 
was doubted. Since then many continuous combustion chambers have 
been operated with complete success, so demonstration on this point no 
longer is needed. 

An original, or at least an early continuous-combustion chamber, was 
that of the Doctor’s Thesis. Such combustion in a chamber at a pressure 
of any amount above atmospheric proceeds exactly as it does in the 
open combustion chamber of a steam ee. where the absolute pressure is 
about 14.7 psi; and the same heat of combustion is liberated. cause of 
constancy of conditions, the nozzle-spouting velocity is constant, which is 
a necessary condition for efficient operation of a turbine. On the other 
hand, an explosive combustion chamber delivers a jet with variable velocity, 
which can Gs proper for the turbine speed during only a fraction of the 
time, and so results in inefficiency. At any rate, modern gas turbines 
are wholly on the continuous-combustion basis, and explosive outfits are 
not now attracting any attention. 


Gas-TURBINE Prime Movers. 


Thus, the gas-turbine idea has been kept alive through many years, 
with some partial as sang as will be described later, but always with 
the hope among enthusiasts that some day it will compete with such high- 
efficiency prime movers as the modern steam central station or the internal- 
combustion reciprocating engine. Prof. Lionel S. Marks, now Professor 
Emeritus of the Graduate School of Engineering of Harvard University, 
long has been a gas-turbine student, and on December 14, 1939, he gave a 
lecture which presented a realistic view of immediate gas-turbine prime- 
mover probabilities. He pointed out that the successful use of the tem- 
peratures necessary to give high efficiency might be far off, but that 
there were many immediate prospects with lower temperatures. Among 
these were locomotives to compete with the modern steam locomotives of 
moderate efficiencies, plants where water is scarce, and stand-by plants 
where low first costs would give total charges competing with more efficient 
but expensive units. Similar ideas were expressed by Dr. Adolph Meyer 
of the Brown-Boveri Company, in a paper which mentioned the starting in 
the Brown-Boveri shops of the Neuchatel 4000-Kw. gas turbine, and the 
Swiss Federal Railway gas-turbine locomotive, the completion of which 
are described next. 

The town of Neuchatel, Switzerland, arranged for an emergency power 
plant, in a bomb-proof place, as a war protection, and a 4000-Kw. gas- 
turbine plant was constructed. An efficiency test of this in actual opera- 
tion was published by the famous German turbine authority, then in his 
old age, Dr. A. Stodola, and seems to be a worthwhile operation of a 
gas-turbine prime mover. 

Recently actual test results have been published of the gas-turbine loco- 
motive mentioned by Dr. Meyer as being constructed by Brown-Boveri 
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for the Swiss Federal Railway, which seems ready for actual use. This is 
another operation of the sort of gas-turbine prime mover which has been 
sought through many years. Both of these gas-turbine prime movers are 
of the sort that Prof. Marks and Dr. Meyer mention, where useful pur- 
poses are served by temperatures of about 1000 F. But like the other 
cycles here mentioned, they pave the way for such higher temperatures as 
will make high gas-turbine efficiency a primary object. Admiral Mills 
recently has mentioned development by the United States Navy of gas 
turbines for ship propulsion. 


PartiAL GAS-TURBINE CYCLES. 


There are some gas turbines in extensive commercial operation, but 
not as complete prime movers. An early one is the gas turbine in exten- 
sive use by the Brown-Boveri Company and others, to supply compressed 
air to the supercharged combustion chambers of steam boilers for the 
Brown-Boveri Velox System, and other similar systems. 

Many partial gas-turbine cycles have been in successful operation for 
years, for oil refineries, built by the Allis-Chalmers Company. Outfits 
of a similar sort have been constructed or planned by the General Electric 
Company and others. 

All of the foregoing outfits are planned for the comparatively moderate 
temperature of about 1000 F. They use gases produced in the course of 
chemical and combustion operations, and drive air compressors. They do 
not have the obligation imposed on a gas-turbine prime mover, which 
has to produce net power as well as to compress the air which produces, 
by combustion or otherwise, the fluid which drives the turbine. But they 
are definite steps in gas-turbine progress. 

In the meantime, temperatures used in steam turbines have been rising, 
and many are operating at temperatures around 900 to 1000 F. and show 
present general use of such temperatures. But to a “red-hot” gas-turbine 
enthusiast, who lathers himself into a white heat in trying to get white-hot 

s-turbines, a mere 900 F. is almost a refrigerator temperature. But it 
is a step on the way. 


ReciprocaTING ENGINES EXHAUSTING INTO Gas TURBINES. 


A gas-turbine enthusiast dreams of complete prime movers such as the 
Neuchatel power plant and the gas-turbine locomotive, but with such 
temperatures as will give efficiencies competitive with any other cycles. 
However, there are those who argue that, for moderate powers, the upper 
part of the high-temperature range which is necessary for high prime- 
mover efficiencies, can best be handled in a reciprocating engine, with 
the gas turbine to take the gases at a reduced temperature and carry the 
expansion to the limit. But whether this is going to be the ultimate is a 
question. There are three sorts of such cycles in present use where 
reciprocating internal-combustion engines exhaust into gas turbines. These 
may be called (a) Diesel-boiler or Gotaverken-Sulzer cycle, (b) Buchi 
Divided-manifold cycle, and (c) constant-pressure-turbosupercharger cycle, 
and will be considered in this order. 

(a). Diesel-Boiler Cycle. An early system was proposed by the engi- 
neer Johannsen of Gotaverken, a prominent shipbuilding concern o 
Gothenburg, Sweden, of which Hugo Heyman has been Managing-Direc- 
tor. A two-cycle Diesel engine exhausts at the high back pressure of 
about 4 atm., and drives only its scavenging reciprocating air com- 
pressor, which is mounted on its crankshaft. The exhaust, cooled by a 
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large amount of scavenging air, proceeds to the turbine, all of whose 
power is net. Sulzer Brothers, Ltd., of Winterthur, Switzerland, has been 
working on various modifications of the same general plan. Free pistons 
also have been proposed. 


(b). Divided-Manifold Cycle. Dr. Alfred Buchi of Winterthur, Swit- 
zerland, long has worked on turbosuperchargers, and, as described next, 
made a very early proposal for the modern type with constant pressure, 
since used by others. Buchi, and his associates, the Brown-Boveri Com- 
pany, also have used what may be called a divided manifold. This has a 
Diesel engine with the usual sort of turbosupercharger, next considered, 
except that nozzle-box sections and exhaust-manifold passages are divided 
so that a given exhaust passage, into which exhaust is proceeding from one 
cylinder, is never connected to another cylinder which is at the end of 
exhaust and beginning of intake. Buchi says there never can be “blow- 
back” of exhaust gas into the intake manifold during the overlap period 
when both exhaust and intake valves of a cylinder are open at the same 
time. This cycle also has been used by Rateau. 


In most cases, the cycle is used with Diesel engines having low exhaust 
temperatures and low speeds, as compared with aviation engines. The 
divided-manifold sections are of such reduced area as to avoid sudden 
drop of exhaust pressure. Furthermore, each cylinder exhausts by itself 
until its exhaust pressure dies out. So there is a variable nozzle-spouting 
velocity, which does not match the turbine-wheel speed during the entire 
time, and thus causes a loss. The system of interlocking sections of the 
exhaust manifold connected to the different cylinders causes appreciable 
complexity. 

With a turbosupercharger system of such iency that the intake- 
manifold pressure is nearly equal to or less ‘ffian the exhaust-manifold 
pressure, the divided-manifold-system advocates say that it avoids “blow- 
back” and gives scavenging instead, and so maintains full engine power. 
But with the aviation turbosuperchargers next described, the efficiency is 
such that the intake-manifold pressure is higher than the exhaust-manifold 
pressure, and so there is proper scavenging with the constant-pressure- 
turbosupercharger cycle. 


History oF AVIATION TURBOSUPERCHARGERS. 


The constant-pressure-turbosupercharger cycle first began practical use 
with high-altitude aviation. The constant pressure started as that of sea- 
level atmosphere, 30 inches of mercury absolute, and the expansion and com- 
pression are to and from the low pressure of altitude atmosphere. The 
part which this aviation turbosupercharger has in the gas-turbine picture 
will be begun with its history, by taking a flashback to World War I. 
Military aviation was in its infancy, but already there was difficulty in 
the loss of engine power even at the moderate altitudes then possible. 
Hence, efforts were made to attach, by gearing, air compressors of various 
sorts, to give airplane-engine supercharging, but none was successful. 
General Electric later supplied geared superchargers having the design of 
the centrifugal compressor developed during the gas-turbine research, but 
these did not come into use until 1925. 

During World War I, Dr. William F. Durand was Chairman of the 
National Advisory Committee for Aeronautics, and in the course of one 
of his duties of examination of schemes for aviation improvement there 
came to him, in the fall of 1917, a plan of the French engineer, Rateau, 
for using a turbine wheel driven by the products of combustion of the 
engine exhaust, at constant pressure, to drive a centrifugal compressor to 
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do the supercharging. Dr. Durand had been a professor at Sibley College, 
Cornell University, in 1901, and he remembered the black smoke from the 
gas-turbine research, and knew of the extensive business that the General 
Electric Company had in steam turbines and centrifugal compressors. So 
he asked General Electric to undertake turbosupercharger development in 
the United States. General Electric engineers had their own ideas about 
design details from their experience with gas turbines, steam turbines, and 
centrifugal compressors, and so started a development entirely independent 
of Rateau, which has continued to this day, with production successively 
increasing on account of the present war. 


The first General Electric turbosupercharger was constructed with war- 
time speed, and was assembled on one of the Liberty motors then being 
used by the U. S. Army Air Corps, McCook Field, Dayton, Ohio, in May, 
1918. It was operated there so far as possible at sea level, and then tested 
at the 14,000-foot summit of Pikes Peak (Colo.). 


The airplane turbosupercharger is so arranged that, as the plane ascends 
to the successively lower atmospheric pressures at altitude, normal sea- 
level pressure continues to be maintained in the exhaust manifold and 
turbine nozzle box. The difference between this and the low pressure of 
altitude gives the nozzle jet that drives the turbine wheel. This drives a 
centrifugal-compressor impeller on the same shaft, which compresses the 
low-pressure air of altitude and supplies it at sea-level pressure to the engine 
intake manifold. So, regardless of altitude, the engine exhausts at sea-level 
pressure and receives its charge at sea-level pressure. So it continues to 
deliver sea-level power at all altitudes, up to the critical one where the 
turbine wheel reaches its maximum safe speed. Due to the low resistance 
of the low-density air at altitude, sea-level engine power gives increased 
airplane speed. 

The constant pressure of the engine intake manifolds of the early airplane 
turbosupercharger was 30 inches of mercury. This is greatly exceeded 
nowadays. Values around 50 inches are usual for takeoff or short periods, 
and continuous operation is common with “boost” of intake manifold 
pressure as referred to later. 

Rateau’s turbosupercharger development in France continued for a while 
after World War I, and developments were started in England and Ger- 
many. But the resources devoted to the project abroad do not seem to 
have been sufficient to bring it to a state that warranted continuation. At 
any rate, there is no evidence of any turbosuperchargers other than those 
of General Electric being used in the present conflict. Other differing 
American designs recently have begun to be developed. 


It once was thought that the 1917 work in France was the first mention 
of the modern turbosupercharger plan, but later searches show what seems 
to be an earlier publication by Buchi. Nevertheless, Rateau made im- 
portant contributions. 


In the United States, the development encountered the usual experience 
of the “glassy eye.” But there were enough enthusiasts among the officers 
and engineers ef the United States Army Air Forces, and enough help from 
them, from engine and airplane manufacturers, and from metallurgists, and 
sufficient resources available to General Electric, to bring the project to 
its present undreamed-of state. 


The principal interest that the turbosupercharger has in connection with 
the gas-turbine problem is its development of a turbine to operate at high 
temperatures of products of combustion. It is true that the aviation turbo- 
supercharger has only short-time operation at extreme conditions, and does 
not have to meet the conditions of continuous operation in a power plant. 
Nevertheless, many problems have been solved, due to the impetus of 
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World War II, which advance the prospects of a gas turbine as a prime 
mover. Thus, the turbosupercharger, originally a gas-turbine by-product, 
has not only proved very useful of itself, but has accelerated gas-turbine 
development. 

The turbosupercharger in the United States started in 1918, with a 
turbine wheel suited only for steam temperature, provided in a rush by 
the De Laval Steam Turbine Company. Since then there has been con- 
tinuous progress in materials, fabrication, heat-treating, design, and cooling, 
of all of the parts, whether exposed to exhaust-gas temperatures or not. 


Originally the nozzle area covered only a portion of the wheel periphery, 
with cooling between, and this may be an item in the ultimate gas turbine. 
But for many years the turbosupercharger has had a 360-degree nozzle arc. 
For years, the rated temperature at the nozzle-box entrance was 1200 F. 
This meant that the entire nozzle box and the outer portion of the turbine 
buckets were visibly red hot, at rotative speeds of about 22,000 Rpm. 
Successive improvements have permitted much greater rated temperatures. 
Since about 1930, a part of the General Electric turbosupercharger research 
has been a “hot-gas test” where turbos were operated in the laboratory on 
products of combustion, with all conditions as when flying at altitude. 
By opening a peekhole in the altitude chamber in which the turbine wheel 
was running, there was seen for the first time operation with red-hot 
turbine buckets, and colored photographs were taken. Since the author 
always has considered the turbosupercharger as merely a step on the way 
to the gas turbine, he has often exhibited as gas-turbine propaganda this 
really inspiring sight of a turbine wheel operating at about 1200 feet per 
second with buckets red hot. 


(c). CONSTANT-PRESSURE TURBOSUPERCHARGER CYCLE. 


Turbosuperchargers on American airplanes are examples of the third 
of the cycles previously mentioned, where reciprocating engines exhaust 
into gas turbines. They are designed for pressure ratios which give abso- 
lute pressures above sea-level value, when flying at altitude. this means 
that absolute pressures in the engine-intake manifolds appreciably above 
sea-level values are easily possible at moderate altitudes. Such pressures 
are used for take-off or for regular operation under special circumstances, 
which is called “boost.” Pilots flying airplanes with turbosuperchargers 
have instruments showing airplane altitude, intake-manifold pressure, turbo- 
supercharger speed, various temperatures, and so on. They have rules and 
technical orders which give values for the readings of the various instru- 
ments, which give values for the “boost” of engine-intake-manifold pres- 
sures safe for the engine and turbosupercharger. The greater the boost, 
the greater the engine horsepower and the greater the airplane speed. 


Thus, when a pilot with a turbosupercharger is in battle, he has means 
of greatly increasing his plane speeds at most altitudes, by increased boost. 
So, when an enemy plane is on his tail, does the pilot take out his technical 
orders, look at his instruments, and figure out what he ought to do? He 
does not, but subjects the turbosupercharger to pressures far beyond its 
test rating. 

Extension of such operation, which easily is possible independent of 
aviation, would give a four-stroke Otto- or Diesel-cycle engine with a 
constant-pressure turbosupercharger, which is this third one of the cycles 
where a reciprocating internal-combustion engine exhausts into a 
turbine. It has been called a “compound internal-combustion cycle.” 
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As already mentioned, reports of operation of turbosuperchargers in war 
show that they are subjected to conditions far exceeding their test rating. 
Therefore, the average of the conditions in war has some relation to condi- 
tions of long-time operation at sea level to which a gas-turbine prime 
mover would be subjected. 


HIGH-TEMPERATURE PROGRESS. 


One major item in operation of turbine wheels at high temperature is 
“creep,” which is continuous nonelastic elongation, finally resulting in 
rupture. Hence, stresses for a gas turbine to be operated in a power 
plant for years, are lower than for a turbosupercharger in war. Informa- 
tion about creep is rapidly accumulating in connection with turbosuper- 
chargers as well as with other turbine work. 


Reference already has been made to Buchi, Brown-Boveri, and Rateau 
work on turbosuperchargers with divided manifolds probably always with 
low exhaust temperature, low-speed Diesel engines. Accounts also have 
been published of Swiss, French, and German use of turbosuperchargers 
on aviation engines, with Diesel or Otto cycles and with divided or constant- 
pressure manifolds. None of the apparatus thus referred to is in use in 
World War II, the only known turbosuperchargers being those of the 
United States Army Air Forces, which as already mentioned are in very 
extensive use. 


Nevertheless, some progress is being made abroad with turbine wheels 
operated by products of combustion. One example is a publication by 
Brown-Boveri, which includes a night picture of a turbosupercharger for 
an aviation engine (probably with a constant-pressure exhaust manifold) in 
a factory test at about 1800 F. and 30,000 Rpm. Glowing exhaust-gas 
conduit and nozzle box are shown with the remark, “The set presents an 
exceptional and fascinating appearance. It is surrounded by the glowing 
gas pipe and carries the mind back to some medieval machine.” 


Thus, the thousands of turbosupercharger turbines, in operation by the 
United States Army Air Forces, and being investigated abroad, are adding 
to the other gas-turbine items already mentioned, in paving the way for 
temperatures much higher than those which have been used, and with a 
minimum of loss from cooling. No thermodynamic studies can be given 
here, but it is well understood that such higher temperatures mean higher 
gas-turbine efficiencies. So the long-sought gas-turbine prime mover, with 
temperatures much beyond the 1000 F. now in use, and consequent higher 
efficiency, seems to be getting nearer. Of course, this same progress is 
paving the way for higher temperatures and higher efficiencies with the 
regular steam cycle and with two-fluid cycles. So we only can speculate 
as to whether the gas turbine with its compressor, combustion chamber, 
and heat interchanger is going to compete with the other cycles which 
instead have economizers, feedwater heaters, feed and air pumps, boilers, 
and condensers. 


PRODUCTION REQUIREMENTS AND ENGINE DESIGN. 


Mr. R. E. Strub, a well known Swiss Diesel engine specialist, one time 
Diesel engine designer for W. H. Allen, Sons and Company, Ltd., later 
with British Auxiliaries, Ltd., and currently with Samuel Hodge and Com- 
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pany, London, presented the following paper at a recent meeting of the 
North-East Coast Institution of Engineers and Shipbuilders in Newcastle- 
on-Tyne. His paper, abstracted here, is principally of value in demon- 
strating the importance of close cooperation between designer and engine 
builder. The paper is largely concerned with heavy-oil engines of the 
medium power medium-speed type. 


When viewing the field of application of reciprocating machinery, prin- 
cipally the internal-combustion engine for marine ag seer it is a fact 
worthy of note that many shipowners when laying their plans now for 
their program of construction of new tonnage after the war, are investi- 
gating the possibility of adopting “indirect” propulsion, either geared or 
Diesel-electric. The motive behind the quest for prime-mover units smaller 
than the present-time directly driven propulsion sets is not very difficult 
to find. It may well be that in a program comprising a number of ships 
going into two figures, the tonnage and the cubic capacity of an additional 
ship can be gained without additional expenditure, thanks to the economy 
of space and weight on the ships equipped with “indirect” drives. It is 
contended that this advantage will be obtained even when considering the 
increased bunker capacity necessitated by the drop in efficiency in Diesel- 
electric drives, and even more in geared drives with their smaller losses. 
If these contentions are accepted, the propositions put forward for indirect 
drives will also have to be examined on the grounds of their reliability in 
service. Not only can a saving in weight and space be achieved, but the 
initial cost of the prime mover itself can be reduced because its decreased 
size lends itself to more economic production. 


ENGINE PropucrtIoN. 


Factors which will influence the outlook of the production policy are 
the finer tolerances and the production of greater numbers of smaller parts 
than when compared with the 160-pound category. The weights of the 
engine parts are much lower and therefore can be more easily handled. 
They are of such a size that in many cases replacement can be obtained 
when necessary by the engineering facilities available in a large number of 
ports instead of only from a few engine-builders in the foremost marine- 
engineering countries. With modern workshop practice, the smaller parts 
are made with greater precision, thus expediting assembly speed. The 
works organization will be affected by the adoption of modern tooling 
borrowed from mass-production methods, and by the application of a 
scientific basis for the fixing of speeds and feeds of the machine tool, and 
by modern systems of planning and progressing by loading of the machine 
tools. Probably the change in the workshops will be more pronounced 
when changing from the slow-speed to the high-speed oil-engine than it 
was some twenty years ago at the time of the transition from steam-engine 
to slow-speed Diesel engine. The change will be likely to show its effects 
in a general speed-up in the engining of the ships. This is a point worth 
ee if one should be thinking in terms of a wholesale renewal 
of a fleet. 


The numbers of repetitive parts to be produced, however, do not 
approach those warranting mass-production methods proper, e.g., the ex- 
clusive use of the single-purpose machine tool, but the numbers involved 
do call for the adaptation of general-purpose machines, and for special 
precautions in design of the power units to lend themselves to these 
adaptations. 
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In this connection it is interesting to note the methods adopted by the 
Production Section of the U.S.A. War Department when originating a 
large-scale campaign with a view to covering the no-man’s-land between 
designer and producer in ordnance work. A number of booklets appearing 
under the appropriate title of “Tremendous Trifles” were published by 
that Department showing numerous examples indicating how, by slight 
changes in design of various items, simpler manufacturing methods and 
more generally available materials can be substituted for the methods and 
materials formerly used. A few of these examples indicate the great 
savings possible through such changes, and suggest where similar alter- 
ations could be made in other equipment, stimulating thought along sim- 
plification lines that will speed up production and reduce costs without 
any change in the quality of the product. 


To return to our subject, it will be realized that no hard and fast formula 
can be given by which these “trifling” changes in design can be effected 
to give these, if not “tremendous,” yet certainly beneficial results. 

A selection of concrete typical examples of machining operations such 
as turning, boring, planing, drilling, and welding of reciprocating engine 
parts will be given in the following pages. 


EXAMPLES OF ALTERNATIVES OF DESIGN. 


The boring of the bedplate for a multi-cylinder engine is one of the 
operations liable to index the output of a machine shop. Most works will 
not have many machines at their disposal to provide the heavy drive 
required, and the volume of output will probably be bottle-necked round 
the largest Kearns or Richards type horizontal boring machine. 

A typical example of a case in which the designer has not considered the 
effect of a particular detail on production requirements is shown in 
Figure 1. The summation of the bearing loads on the forward-end bearing 
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Fig. 6 


outside the drive for the engine accessories, shows it to be stressed to a 
much smaller degree than the main bearings adjacent to the working 
cylinders. Consequently, the designer provided for a bearing with an 
appreciably smaller diameter. This smaller diameter calls for a smaller 
boring bar which, without excessive deflection and torsion, may not take 
more than two tools simultaneously. The pan 2 operations consequently 
have to be carried out in five settings of the tools and steadies. 

The bedplate at the bottom of Figure 1 shows the same diameter for the 
bearing keeps throughout, and a special heavy boring bar can be provided 
which will exploit to the full the power of a heavy machine tool, and 
each of four boring operations can be completed in two settings. 

Another example in which the number of set-ups can be decreased js 
shown on Figure 5 dealing with the lateral milling or planing of the 
cylinder blocks. A large planomiller of the Ingersoll type can mill the 
sides of the blocks straight through in one setting if they are vertical, 
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as shown on the right of Figure 5. If, however, the plane of the frame is 
inclined as shown on the right, two more set-ups of the frame on the 
machine table are required, which results in an increase of production 
time of approximately 80 per cent in one particular case investigated. 
Other features which often interferes with a steady flow of production 
are lugs or flanges protruding from an otherwise flat surface. Figure 6 
The top half of the slide 


shows the joint of pairs of cylinder blocks. 
shows the joint in a recess of the casting, the bottom half shows the 


design with protruding lugs. Clearly, in the first case two or more pairs 
can be machined in one run of the machine tool, whereas in the latter 
case each block needs to be machined separately. The effect of this on 
production times will be appreciable and proportionate to the additional 
number of machine-tool settings and of measurings required. 
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Reverting now to examples comprising drilling operations, two halves 
of a twin-cylinder block are shown in Figure 7 which at first sight appear 
alike. However, the designer has spoiled the flow of drilling operations on 
the alternative half shown on the right-hand side by embodying two 
threaded holes for the insertion of core plugs. This design necessitates 
shifting the job from the ordinary drilling machine which may deal with 
holes up to two inches diameter only to another machine. The arrange- 
ment on the left-hand side shows the cored holes themselves unmachined, 
but covered by flanges attached by studs in the ordinary way. The time 
saved by this slight change will be about half-an-hour per block in a 
particular case. 


Alternative methods of drilling the foot of the cylinder block are shown 
on Figure 8. The conventional way on the left calls for an additional 
milled or planed surface at the extreme left, which latter is necessitated 
for purposes of alignment on machine tools at the subsequent set-ups for 
boring and other operations. In the alternative on the right, only one 
surface has to be machined. It will be noted that a saving in weight and 
space is obtained affecting the overall dimensions of the bedplate which is 

tted below the cylinder block, apart from giving a compact and neat 
appearance. 


Figure 9 shows the saving of weight and space by the adoption of the 
so-called “socket-screw.” This method of attachment shown is said to 
have been adopted abroad on an appreciable scale. 


As a final example, two alternative methods of flywheel attachment are 
shown on Figure 10. The design on the right obviates the machining of 
keyways and produces an additional lightening due to the reduction of 
the boss, which in any case has only a very minor flywheel effect. 

With a flywheel attached to a crankshaft of 12-inch diameter, a saving 
of two hours was calculated as compared with the arrangement on the left. 

The crankshaft is a component which is very likely to index output. 
Power units of the size under consideration usually have solid crank- 
shafts, and thus the manufacturer is in the hands of the forge-master. 
The shafts are delivered either rough-machined or finished-machined. In 
the former case, that is, when the manufacturer finishes the crankshafts, 
the tolerances for the rough machining of the crank-webs can be ar- 
ranged with the supplier so that no further machining of the webs is 
required. The primary unbalanced forces created by the coarse toler- 
ances of the rough-machining operation are either negligible or can be 
compensated satisfactorily by adjustment after static balancing. New 
progress, however, is being made through the adoption of composite 
crankshafts. One of the most promising of the alternative designs for the 
size of the engine under consideration is the one in which the crank-pin is 
solid with the crank-webs. This part can either be made in cast steel, or 
as a forging by the facilities of a number of shipyards or works. The 
journals which are shrunk into the webs can be hardened and ground, 
which is an appreciable advantage for the higher-speed engine because the 
harder bearing material made possible by the harder journal will stand 
higher specific bearing pressures. loses, if the designed specific bear- 
ing pressures are left low, although the bearing is capable of higher loads, 
the wear will be kept to a minimum. This is of special importance to 
the higher-speed engine because, due to the larger inertia forces, the 
specific bearing pressures vary widely all along the engine, owing to the 
varying crank settings. Wherever the adjoining crank throws are in 
opposition, inertia loads compensate and the bearing pressure is low. If, 
on the other hand, the crank-pins are disposed symmetrically, the inertia 
loads add. Consequent uneven wear of the journal bearings will endanger 
the crankshaft more quickly than almost any other cause. 
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Fig. 10 


All crankshafts are today designed for torsional rigidity so as to increase 
the natural frequencies of vibration for the mult-cylinder engine, and 
the diameters of the journals have become comparatively much larger 
on the modern engine. This feature will contribute in providing a good 
shrinking surface for the composite shaft. True, the torsional frequencies 
are somewhat lowered by the additional rotating mass of the webs grip- 
ping the journal, but this can be compensated partly by removing metal 
on the end of the web where it joins the crank-pin. This can be done 
without impairing the rigidity by motning the webs to the best stressing 
advantage, and any deduction of material on the outer end is effective 
due to its greater radius of gyration. 

The shrinking operation requires particular attention. The crank-pins 
and the journals are not only to be set at accurate angles relative to each 
other, but have to keep in line when the crankshaft has cooled down. 
Of several methods for obtaining this the following is suggested:—The 
crank-pins are made hollow and are provided with an accurately machined 
bore which is true centric and parallel with the outer surface of the 
pin and therefore also with the holes into which the journal pins are 
shrunk. The crankshaft is assembled in a vertical position by fitting the 
bores of the crank-pins over the fixture consisting of vertical columns 
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having the same diameter as the holes in the crank-pins over which the 
latter are slipped. Figure 11 shows in its top half the conventional design 
of a crank element which has to be machined all over. In the lower half 
of the same figure a crank element is shown with journals shrunk into 
the cast web. An estimate of the machining operations on a 9-inch diam- 
eter shaft shows that the former design needs approximately twice the 
time for manufacture as compared with the cast-steel design. 
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Fig. 11 


WELDING. 


With welding as it is developed today, particular consideration must be 

iven to fatigue stressing when considering fabrication of main structures 
i the type of engine in view. Fabricated combination base-plates, how- 
ever, have become established. Figures 12, 13, 14 and 15 show some of 
the progressive development over the last years. Figure 12 is a typical 
example of what welded design should mot be. No welding engineer will 
be surprised that a base-plate which was actually made to this design, 
and which is but a copy of previously made castings, cracked in a number 
of places on its way from the welding shop to the test bed, and in spite 
of re-welding and heat treatment found an early end on the scrap heap. 
Figure 13, which utilizes drawn profiles and avoids butt-welding in critical 
places, is an improvement, and base-plates to this design have given rise 
to no complaints. In Figure 14, which shows an elastic foundation, fur- 
ther regard has been given to the requirements of the welder. The beams 
running transversely are reposing on the flanges of the longitudinal joists 
and are welded at the junction at the bottom and underneath, thus avoid- 
ing the butt-weld. From the point of view of noise prevention, this 
base could be improved by dispensing with the through-bolts going from 
the bottom of the flange to the ship’s foundations. Even with rubber 
bushes around these bolts it is difficult, if not impossible, to avoid close 
contact between the elastic suspended system and the foundations. Figure 
15 shows the latest development consisting of an outer and an inner 
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channel bent round at the generator end, and held together by top and 
bottom plates. A similar channel runs across the free end of the base. 
The structure as a whole is further stiffened by providing bent ends at 
the generator end. It is these corners which support the pedestal bearing 
and which are indexing the strength of the whole of the structure. As 
to the bending of these channels, they present no difficulty to a ship- 
building yard. 
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The estimated times for the four fabricated bases of identical overall 
dimensions are given in the following table:— 











Figure 12 197 hours 
Figure 13 155 hours 
Figure 14 139 hours 
Figure 15 108 hours 





Mopern MaAcuHINERY AND TOOLING. 


The designer will have to keep up-to-date regarding the latest develop- 
ments on the production side. Thus he will be able to decide on im- 
ape running parallel to modernization in machinery and tooling. 

wo examples are given below. 

The boring of the inside surface of a cylinder block is often an opera- 
tion which indexes the output of a machine shop. The various diameters 
for these cylindrical surfaces have to be stepped so as to allow the easy 
insertion of the cylinder liner from the top, and must be very accurate 
within small tolerance limits, so as to provide a firm support for the 
cylinder liners on the one hand, and not be too tight to permit heat 
pen oor mi due to the higher temperature of the liner. The boring of the 
cylinders has been attempted in two ways, either vertical or horizontal. 
In my experience, horizontal boring is much superior. The large over- 
hang of the headstock of the vertical machine calls for frequent readjust- 
ment of the gliding surfaces. The cylinder bores have to be kept strictly 
parallel, which latter requirement is most important for the quiet running 
of the engine. Cylinder-line centers which are not parallel in the axial 
plane of the cylinder block are apt to produce noisy engines and are 
more easily liable to piston seizures. The horizontal boring bar is superior 
because the headstock is firmly located on the base and so are the bearings 
for the boring bar and the job itself. In addition, the set-up is made 
easier on the horizontal method of boring due to the better access to 
the headstock. 

There are specially designed and built boring machines in which three 
cylinders can be bored simultaneously by means of three hydraulic feed 
units which drive 6-inch bars which carry cutters for boring. The work 
can be expedited as well as improved in quality by means of interchange- 
able tool blocks. These tool blocks enable the operator to change the 
tools without having to position after re-grinding. The blocks are always 
centered, and the cutting surfaces of the tools are positioned in relation 
to the block according to a gauge set in the toolroom. This eliminates 
boring under-size by keeping to the low limit of machining allowance 
generally, which causes additional fitting time on assembly. Applied to 
the boring of the diameters of the main bearing keeps, a device such as 
this is a valuable contribution towards obviating the ominous file and 
scraper, of which there is still far too much evidence in the fitting shop, 
and brings the machining of the medium size Diesel engine nearer to the 
standards set by aero- and motor-car-engines manufacturing practice. 


PosITIoNERs. 


In connection with expedient drilling operations, mention must be made 
of the so-called positioners. Positioners for drilling operations have been 
in use in oil-engine works for a great many years. Horizontal gas, oil and 
steam engines up to considerable sizes were designed in a way that the 
bottom surface required no drilling operation from underneath its base 
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surface. The job was then clamped on to the positioner, which offered 
the top and four sides to the drill. The accuracy of this work, however, 
was not always ideal, due to the overhang and weight of the job and 
the deflection caused through the large leverages and the heavy thrusts 
of the drilling operation. However, the lack of accuracy was not so 
important in stationary single-cylinder engines to which this method was 
applied. With the advent, however, of the multi-cylinder higher-speed 
engine requiring great accuracy, these positioners or tilting tables were 
less frequently used. The necessity for expediency, however, has brought 
a revival of the positioner in an improved form. The idea for the neces- 
sity of a positioner was originated by the requirements in the set-u 
for welding operations that there should be a “down hand” weld on eac 
surface of the job. The ease with which these castings could be held in 
an exact position appealed to the works management, who gave the posi- 
tioner a try-out on the drilling machine, Through its improved design 
good results were obtained, and the positioners for the drilling machine 
are now highly spoken of. They are now built into sizes having a 
capacity up to 15 tons. They swing large heavy assemblies around as 
easily as one can turn a small piece of steel in the hand, and are grounded 
on a single pedestal which is adjustable for height, and has a table which 
revolves completely around, tilting to any position up to 135 degrees with 
the horizontal either up or down. These positioners are motorized and 
are operated by a push-button panel so that the driller or welder can 
swing and tilt the work to any position without using cranes or employing 
a handling crew. 


Broacuinc MaAcuINe. 


New possibilities for production are offered by developments of the 
broaching machine, whi is now applied to machining of parts with much 
larger dimensions than formerly. Inside broaching machines generating 
square or hexagon or any odd size or shape of holes are well known, but a 
new method of outside broaching converts difficult, tedious, jobs into 
fast, accurate, “one-machine” operations. This procedure has been ex- 
tended within the last years to the outside-surface broaching of surfaces 
which have formerly been produced in several machine tools such as 
shapers, millers, boring machines, etc., and can now be broached on a 
single machine in one set-up, with one, two or three operations, according 
to size and shape. Outside contours of engine connecting rods or the 
keeps of bearings can be accurately and more expeditiously machined by 
this new method, provided the great initial cost of the broach is justified 
by the number of components to be machined. 


Enatne Noise. 


After reviewing some of the relationships between design and produc- 
tion, it may be of interest to oe 8 one of its effects on the product itself, 
i.e., the engine created by this relationship. The improved quality of the 
engine expresses itself not only in dependable running and low mainte- 
nance cost, but also, in the experience of the Author, in a particularly 
tangible way by its noise or loudness record. Generally speaking, within 
the same class of machinery a noisier engine is not as good as one regis- 
tering a lower sound level. Measurements made by means of a sound 
level meter at a standard distance of 2 feet round a number of ships’ 
auxiliaries of various makes, reveal great differences in intensity, i.e., from 
80 to 110 decibels, corresponding to an equivalent range in terms of 
loudness from fairly loud radio music to the immediate vicinity of a 
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pneumatic drill. Another feature revealed by these measurements is that 
the higher speed engine is by no means necessarily the noisier one. The 
volume of noise, with its corresponding degree of discomfort to the 
ship’s engineers, is of increased importance in multiple-engine installations 
intended to be serviced by preventive maintenance. A loudness level cor- 
responding to 100 decibels and above, i.e., a noisy tube train, would prob- 
ably seriously interfere in the long run with the efficiency of systematically 
organized overhauls in rotation of the power units. 


DRAUGHTSMEN AND Works PRACTICE. 


Reviewing, in conclusion, recent developments and their importance for 
the future, the need must be stressed for giving the designer and the 
draughtsman every facility and encouragement for making themselves 
acquainted with the capacities and the potentialities not only of the prin- 
cipal machine tools used in the building of the engine, but also of the 
procedures and the workshop practice of the works which have to carry 
out their instructions. This need becomes all the more urgent with the 
class of engines under consideration, due to its manufacturing methods 
approaching those of mass production. One practical and also practicable 
way to carry this object into effect is to let each designing draftsman— 
in rotation—spend a span of time in the jig and tool drawing office. 
Assuming the full support of the works management, he will emerge after 
such a time as a more valuable collaborator to his firm. He will hence- 
forward visualize the jigs and the tools used to produce the part he is 
setting on paper. 

term at supervision of or stand-by at erection is bound to create a 
more thorough understanding of the procedure in connection with the 
important details of foundation and of pipe work, while one or more 
voyages keeping watches will help to emphasize the necessity for absolute 
dependability and for accessibility of the engine which cannot be over- 
emphasized. 


MISCELLANEA OF INTEREST TO NAVAL ENGINEERS. 


INDUSTRIAL INVENTIVENESS.—This most interesting paper on 
the psychological factors favoring industrial inventiveness was contributed 
by the Committee on Education and Training for the Industries and 
presented at the November 29-December 3, 1943, Annual Meeting of the 
American Society of Mechanical Engineers. It is reprinted from the 
March, 1944, issue of Mechanical Engineering. The author, Elliot Dunlap 
Smith, is Master of Saybrook College, Yale University. 


The inventiveness needed in industry today is more than “Yankee in- 
genuity.” The old homespun resourcefulness is still as valuable as ever, 
but to be useful in modern industry the inventor must be both intuitively 
resourceful and scientifically sound. An example will make clearer what 
this combination means. 

Greeting cards for generations had been printed from steel dies with 
linseed-oil inks. Then a trend in style made it necessary to have deeper 
cuts in the dies to make more dramatic effects. This meant that, when 
the card was printed, the ink, instead of being thinly spread, was massed 
on the card in thick ridges. Since linseed-oil ink dries by oxidation from 
the air, the drying of the outer surface of ink created a skin which made 
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the penetration of oxygen from the air to the ink inside these ridges 
extremely slow. 

To speed up the drying, mechanical engineers devised various schemes, 
utilizing heat and draft, but without solving the problem. Each color 
that was printed still took several days to dry. Then an invention was 
made. Instead of working upon the problem of air-drying at all, a youn 
man conceived the idea of using inks which would dry internally soe 
chemical reaction and, in a short time, an ink base was developed that 
dried almost instantaneously regardless of the size of the ridge. As a 
result the cards could go on a belt directly from press to press. 

This problem was clearly a technological one and the inventor had 
to be scientifically competent in order to deal with it. Yet the act of 
inventiveness which achieved the solution was not logical scientific thought 
* hg It was a flash of intuition which showed the problem in a new 
ight. 


INTUITION AND Locic Botu EssENTIAL. 


Such intuitive insight, even though scientific, differs sharply from the 
systematic, explicit process of logical scientific thought. The logical 
thinker consciously works out his solution. He does so step by step in 
orderly sequence. He thinks principally in words or symbols, and he 
can put his logic into language so that others can follow it. The intuitive 
thinker gets his answer unconsciously by all-at-once insight into the prob- 
lem as a whole. He cannot put his process of thought into words for he 
is unaware of the means by which his insight came. Today the inventor 
must be able to do both types of thinking. 

The process of creative insight has much in common with the intuitive 
formation of images in customary thought. For example, if a curve like 
this ) is displayed with the statement that it is part of a whole the rest 
of which is concealed, most people will see the whole in their mind’s 
eye as a circle. But some will probably see it as a segment as in Figure 
1 (a), or as a sector, Figure 1 (b). If, however, some of the group have 
been working with lenses, they might see it as one of the following lens 
forms, Figure 1 (c), (d), or (e). 


Pee 
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Whatever the conception, rarely will it result from logical deduction. 
Of those who saw a circle, probably none will have plotted perpendic- 
ulars to tangents and found that they met at a point, and then having 
found that every point on the curve was equidistant from this focus con- 
cluded that the figure was a circle. Instead, the hint provided by the 
fragment caused each person to see some figure as the whole, without 
conscious reflection. 

It is important to realize that this type of unconscious all-at-once iden- 
tification permeates our daily life, and that without it we would be help- 
less. It is important also to realize that a single hint or clue, depending 
upon the angle of approach, may give rise to a wide variety of concep- 
tions even in a single mind. This is true even when, as here, the element 
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iving the hint is mathematically precise. Moreover, if one conception 

ails to satisfy, the mind can shift quickly to another. 

What an inventor must do is similar to this. He must resourcefully 
create out of obscure clues vivid and varied configurations. If configura- 
tions of one sort fail, he must be able to view the problem from a com- 
pletely different angle, such as viewing the curve fragment shown, from 
the point of view of lenses in case a geometrical approach fails. 

Curiously, what the mind recognizes with either hints or wholes, is not 
the exact patterns which are formed on the eyeball but their structural 
form. For example, if one holds a circle first at 10 and then at 11 inches 
from one’s eyes, the different-sized images made on the eyeball can have in 
common only one point of tangency or two points of intersection. Nothing 
more! And yet at any distance where the image is clear, and even if the 
sheet is viewed at an angle, no one has difficulty in seeing that the form is 
circular. This is even true with such complex patterns as chairs, or a 
person’s face. Thus a child has no difficulty in recognizing its mother at 
different distances or angles. 

Intuitive recognition occurs even when there is no common external 
stimulus; merely different instances of variable structural form or type. 
For example, there are almost no characteristics common to all Jews. Yet 
people can ordinarily intuitively recognize a Jew, no matter in what ways 
he varies from type. This is of fundamental importance because it makes 
possible intuitive thought in regard to generalizations and abstractions. It 
thus enables intuition to deal with problems of abstract science. 


AppiyInGc INTUITION SCIENTIFICALLY. 


There is no fundamental difference in intuitive recognition when scien- 
tific knowledge is involved. Two men, for instance, are walking in the 
woods. There is a flash of lighter green in the trees. One man sees 
nothing but a flash of lighter green. The other says: “That’s interesting. I 
have never before seen a yellow-breasted flycatcher in this part of the 
world.” In his well-trained mind, the hints of changing color had been 
unconsciously associated with what he knows of the bodily structure, 
way of flight, and color patterns of birds, into a meaningful whole, so that 
what he actually observed was not the flash of color noticed by his friend, 
but an actual yellow-breasted flycatcher in flight. 

If he is not sure that his observation was right, the ornithologist will 
begin a process of logical reflection, comparing point by point first the 
family characteristics of the flycatchers and then those of the different 
species, with what he can recall of what he saw. But what made him 
aware of the bird at all was not logical thought but the creation, through 
the unconscious aid of scientific skill, of the configuration of a yellow- 
breasted fly-catcher out of clues that to the other man were not only 
meaningless but not even fully observed. 

The point I wish to stress here is that, in scientific identification where 
no invention is involved, what the scientific knowledge first does is to 
take the same hints which to other men have no meaning and intuitively 
complete them into a meaningful whole. Even though the process is 
scientifically exact, the intuitive element is creative. 

In invention this creative aspect assumes predominant importance. Unless 
the inventor is willing to relax the meticulous step-by-step procedure of 
logical science and let scientific clues suggest generous, or even extrava- 
gant, technological conceptions, he will get nowhere. For what the 
intuitive process of invention does is to lift reason out of the established 
paths of i rarer when they have become ruts, and to put the mind 
upon a new road leading more directly to its goal. 
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It is thus when the various habitual images, arising from the clues given 
by experience, fail to give satisfactory results, that the problem shifts 
from one of recognition to one of inventiveness. How this occurs is well 
illustrated by Professor Kohler’s studies of problem solving by anthro- 
poid apes.* In one of his experiments, he placed an ape in a cage 
where food was temptingly near but out of its reach. The ape immedi- 
ately applied its former practice of reaching through the bars. This 
failed. It tried the habitual method again and again without result. Then 
it sat down in discouragement. But the food was tempting. Suddenly it 
pikes up a stick which had been in sight all along and which it had never 

efore used as a retrieving implement. Without any awkward trial and 
error, without any preliminary steps, it reached out with the stick beyond 
the food and brought it in. 

As with recognition, this intuition consisted in instilling meaning into 
otherwise unrelated clues. But it further involved creating, out of for- 
merly unrelated hints, a conception which not only fitted the situation 
but which the ape had never conceived of before. It is in this creation of 
novelty by intuitive contrivance that the essence of invention lies. 

Now it is pene s | that during all the preliminary struggle the stick 
had been in plain sight, but had had no significance to the ape which 
later solved the problem. It was only when a flash of insight combined 
into a new meaningful whole the hints provided nf the presence of the 
food, the stick, the ape’s arm, and by its unsuccessful attempts at reaching, 
that success came. Even in this very low order of invention, it was 
necessary to use the wisdom of past experience to escape from the bondage 
of aged experience, and it is that which makes invention so difficult. 

If the stick is placed in such a position that it and the food cannot both 
be seen at one time, many apes cannot solve the problem. With very 
simple minds, all elements of the solution must be visually present at one 
time for the clues to be sufficiently strong for the new whole to be 
conceived. Even with skilled engineers and scientists, the influence of 
such a favorable setting is great. 


Pasteur Discovers PREVENTIVE INOCULATION. 


Often the accidental proximity of the component elements of the solu- 
tion have been the prelude to great invention. Thus just before he dis- 
covered preventive inoculation, Pasteur’s illness caused him to neglect a 
culture of chicken-cholera microbes that he was studying. In this study, 
he had already observed that those few chickens which became infected 
and yet somehow survived the disease were thereafter immune against fur- 
ther infection. When after illness he returned to work he found that 
the undernourished microbes had lost most of their vitality. Thus by 
chance, the knowledge that infection gave immunity against reinfec- 
tion and that protracted malnutrition produced attentuation of microbial 
vitality were brought to his mind when it was actively engaged in seeking 
means of preventing infection. 

This enabled him to see a startling possibility. Might it not be possible 
to find means of so attentuating the microbes which caused disease that a 
person could be inoculated with them with no risk and only minor dis- 
comfort?) Then might not the fact that the person had had the disease 
even in a mild form render him immune to it thereafter? He inoculated 
his chickens with the enfeebled microbes. The chickens displayed only 
the mildest symptoms of cholera. But thereafter they were immune to 


bd Pa Mentality of Apes,” W. Kohler, Harcourt, Brace, New York, N. Y., 1925, 
Pp. . 
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infection by germs of full virulence. Preventive inoculation had been 
discovered. 

Most experimenters would have thrown the neglected microbes out as 
unsuitable for experimental use. Even if they had bothered to examine 
them under the microscope the feebleness of the microbes would have made 
their unfitness for experimental use seem all the more clear. Only to a 
mind peopled with vivid concepts of disease, and sensitive to implications 
quite outside its own expectations, would the apparently disconnected 
elements of this problem come together as a richly meaningful whole. 

Unquestionably, this favorable setting occurred by chance but as Pasteur 
so often said, “Chance favors the mind which is prepared,” and well 
might he have added, “but only if the mind has retained its freedom and 
resourcefulness in spite of the discipline of preparation.” It is the need 
of this combination of discipline and freedom that makes scientific and 
engineering invention so difficult. 


INVENTION OF THE AUTOMATIC LooM By NorTHROP. 


Let me take a concrete example. About 1860, loom manufacturers began 
trying to devise an automatic loom. By 1890, all the elements of an 
automatic loom had been devised except that no way had been found 
automatically to thread the bobbin yarn through the eye of the shuttle. 
Without this, an effective automatic loom could not be made. 

One day a machinist named Northrop, who had been working on 
spinning machines, went to his chief and said he thought he could invent 
an automatic loom. At some time in his work a flight of inventive intui- 
tion taking off from his background of knowledge of spinning had 
given him a vision that the problem of threading the shuttle could be 
solved if the old conception of threading the yarn through the circular 
ore was abandoned and instead the yarn was wound into an open 
eyelet. 

"This inventive insight was followed by a long period of experimentation 
until he devised a shuttle in which a curved entrance into the eyelet was 
so patterned as to correspond with the whirl of the yarn as it came off the 
spindle. Then by merely anchoring the yarn and sliding the shuttle 
across the loom, the yarn as it unwound from the spindle wound itself 
into the eyelet. Thereafter, the faster the shuttle flew back and forth in 
the loom, the faster the yarn unwound and the more the twist of unwind- 
ing held the yarn in the shuttle eyelet. 

With Northrop, as with the ornithologist who recognized the flycatcher, 
clues were meaningful which to others had been without meaning in spite 
of years of searching. Everyone who had ever worked on looms knew 
that the shuttle yarn whirled into a cone as it came off the spindle, but 
did not think of it in relation to the problem of threading the shuttle eye. 
But with Northrop, the nature of his past work caused him to approach 
this problem from an angle other than that from which his predecessors 
had looked. This enabled him to see the old factors in a new light. 

As this case illustrates, the process of logical engineering development 
often comes to an impasse because the engineer is following principles 
that worked at the beginning but have come to the end of their utility. 
He is like a man who has planned to climb a mountain and has followed a 
trail which leads him near to the top but not necessarily into the best 
position to attain the top. To go on, he must see the mountain as a 
whole, recognize that he must go back and start from another point of 
departure in order to surmount the obstacle. Thus, inventive insight 
often involves seeing that the problem itself is not what has been assumed, 
but is of another sort involving another angle of approach. 
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To do this is difficult especially for the highly trained mind. For just 
as a man who has made the wrong turn on a detour finds it hard to 
make himself return to the place of deviation, so it is hard for anybody 
who has long studied and worked along one line of approach to try 
another. This is particularly true if the needed idea involves a funda- 
mental change. In that case, to make the other approach involves more 
than going back and thinking from another angle. It involves reorganiz- 
ing the-complex structure of knowledge which he has developed with such 
care and pains. 

The situation is very like that of the electrical current in downtown New 
York. In that part of the city, due to the fact that it was one of the 
places first wired for electric lights, direct current has been provided from 
the start. Every electrical device is adjusted to it. If Mayor La Guardia 
were to state the unquestioned fact that for ordinary commercial uses 
alternating current is better than direct current, and add that “effective 
next week alternating current will be installed in downtown New York,” a 
storm of protest would break out. Most electrical devices would be use- 
less until adjusted to this fundamental change. 


Just as with direct-current installations, the greater and more intricate 
the structure of thought involved, the greater the difficulty of change. 
With a man who for a long time has followed one angle of approach, a 
fundamentally new approach may even involve changing from an expert 
who is working in an area where he is highly skilled and completely at 
home into a novice who is feeling his way. Thus the approach to the 
problem of drying ink through internal chemical reaction instead of 
mechanical drying meant that all the work on that problem which the 
mechanical engineer had done and the ability which it had given him 
were made obsolete. The problem was no longer even in his department. 
The internal resistance to this is inevitably great. Every habit of thought 
and every desire involved unite in opposition. 

If others are similarly placed, the united opposition may be insurmount- 
able even after the discovery is a well-established fact. Thus, when Pas- 
teur, looking through his microscope at what had been known for decades 
—the appearance of active microbes in the course of disease—saw this not 
as the result of disease but as its cause, he rendered obsolete much of 
existing medical science. Since he had no formal medical education, he 
had little internal resistance to overcome. But the announcement of his 
discovery marshaled against him the organized and bitter opposition of 
the whole medical profession. Their thinking processes and their prac- 
tices had all been developed on a different stem. To accept the new 
point of view involved giving up most of their previous ways of thought 
and practice, admitting that they had been wrong, and then starting the 
slow painful path of learning new ones. 

The influence of established scientific opinion upon the inventor through 
the power of suggestion is strong even when overt opposition does not 
deter him. To invent he must so free his mind from the influence and 
the logic of his own past and that of his fellows, that his unconscious 
intuition can see clues which he and others have overlooked, and build 
out of them novel conceptions. 


Often in order to get sufficiently away from the effects of stereotypes 
of thought he must utilize some external means of releasing his mind 
from too self-conscious and logical control. Thus new insight often 
comes to an inventor when he is relaxed or diverted; when he is out 
walking, when he is working on something else, when he is about to go 
to sleep, or when he wakes up in the night. Only then is his mind suffici- 
ently relaxed to free insight from bondage to the habitual. 
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FarrH AN EssentTiaAL Drivine Force. 


When, as is often the case, the initial insight is vague and obscure— 
just a hint itself that something lies in a new angle of approach—the in- 
ventor must have great determination and patience in order to keep on 
until he has achieved success. What brings this about? Certainly not 
inborn “sticktoitiveness” alone. When, for instance, Pasteur’s insight told 
him that the germs might play a major part in disease, he kept on largely 
because of faith—because he was convinced that, if his intuition were true, 
the power of medical science to cure disease would be tremendously 
changed and the welfare of mankind immeasurably served. 

His determination, however, rested upon more than this—it rested upon 
his conviction that if be persisted, be could probably accomplish the result. 
He knew his experimental method. He was skilled in it and aware of his 
skill. He saw the relation of his particular abilities to the solution of his 
problem. It was because he not only had faith in the value of what he 
might discover, but faith in himself as the person to make the discovery 
that he kept on. Little inventive persistence occurs unless both aspects 
of faith are present; and as with Pasteur, faith is one’s insight and in 
oneself is essentially a by-product of technical understanding and high 
intuitive skill. The pathway to developing the drive that keeps one going 
until success is the slow hard one of developing the wisdom and skill 
that make success possible. 

Quite apart from the driving force of faith is that of inner tension. To 
make this clear let me again cite a very humble example. When a person 
has seen an acquaintance whom he once knew well but cannot place, he 
feels a sense of strain. He has a clear image of the man he has seen. He 
knows that he has somewhere in his mind a clear configuration of who 
he is. Both are there. But he cannot bring them together into a com- 
mon conception. This makes him restless. He keeps turning the problem 
over in his mind even-when he is trying to think of something else. The 
more nearly he seems to “get it,” the more strain he feels. Then in some 
moment of relaxation just who the person is comes to him in a flash 
and he has a great sense of relief. 

So with incipient invention. If the knowledge of the inventor and the 
clues which will bring the invention into being have been brought nearly 
into position to provide the inventive insight, the inner tension will be 
strong. The man will keep turning the problem over in his mind. He 
will not be able to get away from it by day or night. As he nears his 

oal he will become increasingly excited. He will be impatient of the 
interruption of his work even for sleep or food. It is no wonder that 
the — release of such inner tension is often described by inventors 
as a “flash.” 


INTUITION VeERsus Locic. 


Curiously, in spite of the invaluable part that intuition plays in human 
affairs, it is common for people, especially if technically trained, to con- 
sider it as of a lower order than logical thought and to pride themselves 
on being exclusively logical thinkers. Logic is so much more tangible 
and systematic, and so easy to put into words, and hence to teach, that 
mute unconscious intuition is decried as unintellectual and emotional. 

What are the facts? Shakespeare, Bach, Pasteur, Edison, in their mo- 
ments of greatest originality were not logical but intuitive. The genius 
of a great musician in sensing the structure of a composition, the insight of 
a great doctor in diagnosing an obscure disease, and the insight of a great 
inventor are intellectual attainments of as high order as any logical 
deduction. 
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True, insight can also be of a very low grade. Even apes can exer- 
cise it. But as Vannevar Bush, in developing his integrating machine, has 
shown, complicated logical processes can be performed even by a machine. 

Nor is intuition more emotional. Unquestionably, as when a thirsty 
man in a desert suddenly sees a mirage, emotion and desire can corrupt 
intuition. But emotions also lead reason astray. Indeed the process of 
logical reason is so effectively subject to emotional manipulation that self- 
deception is known the world over as “rationalization.’ F 

But isn’t scientific logic quantitatively exact while intuition is quanti- 
tatively indeterminate? It is. But if one examines the application of 
quantitative science to reality, one finds that the exactness of scientific logic 
is limited. Logical quantitative methods are accurate only in regard to 
abstractions or when applied to “abstract materials;” to unnatural creations 
of man such as iron and steel; beams and railroad rails; things from which 
all the variables of nature have been carefully excluded. 

When one deals with normal natural phenomena the realistic precision 
of intuition is often greater than any which abstract quantitative methods 
can provide. This is of course true in identifying the workmanship of 
an old master or recognizing a long-lost friend. But even with so simple a 
phenomenon as a batted ball, no scientist or mathematician can predict its 
flight as it leaves the bat with either the speed or the precision of a major 
league fielder who sees the ball hit, turns back, and runs almost to the 
exact place where it alights, integrating by intuition the whole complex of 
unmeasurable variables. In much of modern life, the most effective under- 
standing is when scientific quantitative accuracy and scientific intuition 
both play a part. 

It is important to bear in mind the high intellectual quality, the unemo- 
tional soundness, and the realistic integrity and precision of refined in- 
sight. For insight is the father of invention far more indisputably than 
necessity is its mother. 


PsyCHOLOGICAL REQUIREMENTS OF INVENTIVENESS. 


What then, to recapitulate, are the psychological requirements of inven- 
tiveness and the factors which favor them? 

First, it is essential that the inventor “know his stuff.” If his inventions 
are to be of use in modern industry he must be well equipped with 
scientific understanding. This doesn’t mean that he should have endless 
rules and formulas at the tip of his tongue. Such inert knowledge will 
be a burden to him. What he needs to have is a vital knowledge of basic 
scientific principles and have developed realistic creative skill in using 
them, by practice and experience. 


As a second qualification the inventor must have, and must continuously 
develop iy the encroachment of custom and habit, the capacity to 
construct bold effective and varied configurations and concepts out of the 
clues which lie concealed in technological problems. The more he knows, 
the more difficult it will be for him to do this. What I fear most as an 
obstacle to inventiveness in industry is that as a young engineer pursues the 
long slow path of education and experience, he succumb to the past as 
New York has to its direct-current installations. 

The most important way out of this dilemma is to make education and 
experience more fundamental. If in school and at work the resourceful 
young engineer is required to shun memorized formulas and to go back 
to basic principles for the solution of his problems, the process of develop- 
ing technical competence will in itself give him the basic understanding 
and way of thought essential for inventiveness. When logic thus goes 
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back to fundamental origins, and is in that sense original, logical develop- 
ment and inventive insight come close together. Both make possible 
fundamental shifts to more profound bases of approach. Even so, with 
truly baffling problems, logical exploration can only do the groundwork 
for the flight of intuitive insight. If such insight is to occur, the process 
of education in school and industry must make provision for its exercise. 
Again and again the formal paths of logic must be abandoned and the 
relaxation provided which permits insight unconsciously to find its way. 


CHANGE OF MENTAL SCENE. 


Another aid to the freeing of inventiveness from the confining influence 
of learning is to assign to resourceful young men creative problems out- 
side of their customary field of work. Such an alien approach, as it so 
often has with great inventions, may provide a suggestive setting which 
will lead to a solution of the particular problem. But more important is 
the fact that it will tend to free able minds from the confining adhesions 
of their customary thought. 

Since inventiveness is not confined to major discoveries such change may 
be more frequently provided in less formal ways. Any engineer or execu- 
tive who is worth his salt should show inventive talent in his daily work 
and be required to do so. Even in reading, rumination, and talk, the 
power of creative intuitive thought should be exercised and developed. 
Much can be done to stimulate this by bringing young engineers into 
frequent serious-minded association with able men of other backgrounds. 
By so doing they will be caused to see their own problems from new slants 
and in the light of different practices and principles. 

Far more than senior executives usually realize, what they do, what they 
are, and what they admire in their subordinates determines what those 
young men who work for them do, think, and become. Through ex- 
ample, they can keep their juniors in the habit of resourceful yet sound 
intuitive judgment. They can inspire in them admiration for and deter- 
mination to imitate the people who have the daring and ability to abandon 
traditional ways of thought, and who while doing so arrive at conclusions 
which logic may at first refute but later accept. A third psychological 
factor favoring inventiveness is thus wide-spread admiration for sound 
intuitive thought. 

A fourth is determination. But if a young man has vital and profound 
scientific understanding, if he is resourceful in its intuitive use, and if he 
admires and cultivates these qualities, I have little fear that he will lack 
the faith which gives determination. Few men who have attained high 
scientific intuitive skill through the hard path of study and experience 
lack the determination to use their skill well. By example and by the 
work they assign and by the qualities to which they give recognition, 
executives can do much to cause their outstanding subordinates to revere 
and study fundamental science and also to cherish and develop the intui- 
tive spark within them which enables them to put this science into richly 
creative use. Young men of promise can do even more to accomplish 
this for themselves. 


HIGH ALTITUDE ROCKETS FOR METEOROLOGICAL RE- 
SEARCH.—This article by Willy Ley and Herbert Schaefer presents their 
views that there are strong arguments for the use of instrument-carrying 
rockets in meteorological research. Mr. Ley was Vice-President of the 
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German Rocket Society (Verein fur Raumschiffahrt) from 1928 to 1933. . 
Mr. Schaefer was one of the designing engineers on the Society’s proving 
ground. Both went into voluntary exile soon after Hitler became chan- 
cellor of Germany.Their article is reprinted from The Military Engi- 
neer, November, 1943. 


The recognition of the fact that the atmosphere of the earth forms 
only a thin shell of gases around the planet is of comparatively recent 
date. It seems that the astronomer Johannes Kepler was the first to 
state explicitly that the celestial bodies are separated by an airless space, 
in his posthumous book Somnium, or, by implication, that the atmosphere 
does not extend beyond a certain distance from the surface. 

Before Kepler it had been taken for granted that air could be found 
at any altitude, that the atmosphere, to use modern phraseology, extends 
at least through the whole solar system. Only under that assumption 
was it possible that Icarus could literally come too close to the sun. Nor 
was there any thought of diminishing density, thus Lucian could speak 
of a strong wind which carried a vessel to the moon. 

It was only under these assumptions that it was logical to believe that 
the moon was really as smooth as a polished shield and that the spots 
were dirt that had condensed from “vapors” in the air. Even much Jater 
one can find an occasional reference to birds with singed wings, taken 
not as evidence of forest fires but as evidence that that particular bird 
had shared the fate of Icarus. 

The astronomer Kepler, who discovered and established the laws of 
planetary motion, could not use such a resistant medium as air in inter- 
planetary space and was consequently forced to conclude that an atmos- 
phere was a surface phenomenon, astronomically speaking. How he rec- 
onciled this conclusion with the established philosophical belief in the 
horror vacui is not quite clear, but that idea was to be dispelled soon 
anyway. 


EXpPLoRATION OF THE Upper ATMOSPHERE. 


Kepler died in 1630 and one year later Francesco de Lana-Terzi was 
born, the theoretical inventor of the balloon. The invention can be found 
in the sixth book of the second volume of his great work Magisterium 
Naturae et Artis, published in 1686. The description is not at all vague, 
but quite clear and definite: “It is certain that one can construct a vessel 
of glass or other material which could weigh less than the air contained 
therein; if, then, one exhausted all the air this vessel would be lighter than 
the air itself and, therefore, it would float on the air and ascend.” 

Lana was right in theory, but greatly underestimated the practical diffi- 
culties of this suggestion. Still, his theoretical discussion had pointed out 
what should be done and the idea took hold. Suggestions were made 
to use “the thin air from mountain tops” instead of a vacuum, and when 
Henry Cavendish announced the low specific weight of his “inflammable 
air” in 1766 (it was, of course, hydrogen) the invention of the balloon 
was virtually made. It took hardly another eight years until the first 
hydrogen balloon was built by Professor Charles. In the meantime the 
Montgolfiers had succeeded in demonstrating their first hot air balloons. 

The very first hydrogen balloon that took to the air, on December 1, 
1783, carried a barometer and a thermometer; the first balloon ascent 
specifically devoted to meteorological research took place one year later, 
almost to the day, November 30, 1784. Dr. John Jeffries of Boston, 
Massachusetts, then residing in London, had fathered that expedition in 
more than one way. 
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Before that, some atmospheric exploration had been initiated by Pascal 
and by Perier, Pascal’s brother-in-law. The latter can be said to have 
started the science of meteorology by carrying a so-called Torricellean 
tube to the top of the Puy-de-Dome (Auvergne, France) on September 
19, 1648. The height of the Puy-de-Dome is only 1,460 meters (4,790 
feet), but it was a beginning. And just as Perier’s experiment was but 
the first of a large number of similar “expeditions,” the first ascent of 
Dr. John Jeffries was followed by many others. Often enough the ob- 
servers risked their life in the open gondolas of those days, but the 
balloon permitted the exploration of conditions in the atmosphere away 
from mountain peaks. In addition, it permitted the exploration of alti- 
tudes far above the peaks, at least, of the more accessible mountains. 


But it took almost a century from Dr. Jeffries’ first flight until some- 
body thought of doing this kind of research work by means of automati- 
cally registering instruments, carried by small, unmanned and inexpensive 
balloons. The first suggestion of this kind seems to have been made in 
1879 by Brissonet. Brissonet’s suggestion had only one drawback: self- 
registering small meteorological instruments did not exist. The German, 
Assmann, made a similar suggestion soon after Brissonet; it was an inde- 
pendent suggestion and it had the same drawback as Brissonet’s. 


In 1891 Georges Besancon and Gustave Hermite began to build such 
instruments, and Assmann did the same. And on March 21, 1893, the 
first ballon sonde or sounding balloon was released in France. It reached 
an altitude of 15,000 meters or about 49,200 feet. A German sounding 
balloon, released on April 27, 1894, reached 21,800 meters, or 71,500 feet, 
approximately the same altitude as that attained many years later by the 
manned stratosphere balloons: the American Explorer II and the Russian 
Stratostat. But, meanwhile, the sounding balloons had broken that early 
record again and again; at present the highest recognized altitude of a 
sounding balloon belongs to one that was released near Hamburg on 
September 8, 1930. It attained 35,900 meters or 117,750 feet. 

There is no doubt that most of our knowledge of the physical state of 
the upper atmosphere has been derived from the data gathered by the 
instruments of these balloons. There is also no doubt that this knowled 
is very important in many ways... but unfortunately there can also be 
no doubt that the method by which these data have been obtained is not 
very efficient. 

A stratosphere balloon is enormously expensive and can not be counted 
upon to be good for more than one ascent. The sounding balloon never 
lasts for more than one ascent (it keeps ascending until it bursts, the 
instruments being lowered to the ground by means of a parachute) and is, 
fortunately, not very expensive, but it suffers from other drawbacks. The 
ratio of losses (of the instruments) is high, since they are subject to drift 
both during the ascent by balloon and during the descent by parachute. 
It is often all but useless to release balloons on a day of zero visibility 
which results in interruptions in the series of data gathered. 

More important, however, than the high ratio of losses and the all too 
frequent days when the balloons stay “grounded” is the fact that they 
rarely even approach the normal ceiling of aircraft equipped with super- 
chargers. Those record figures of 70,000 and 100,000 feet are very de- 
cidedly record figures; not even 30,000 feet can be counted upon as 
definitely attainable. 

It is obvious, therefore, that another type of instrument carrier, about 
as inexpensive as a sounding balloon, but more reliable and with greater 
climbing ability, would be preferable by far. 

Such a carrier exists: the rocket. 
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Rockets AS INSTRUMENT CARRIERS. 


The main advantage of rockets as compared with other possible means, 
such as stratosphere balloons, high altitude airplanes and, of course, sound- 
ing balloons, is the absence of the concept of “ceiling” or “peak altitude.” 
A peak altitude exists only as far as a rocket of specific design and size is 
concerned, since it is possible, at least theoretically, to design and con- 
struct a rocket for any desired altitude. 

The present goal is, of course, more modest; it may be described as a 
preliminary design for a rocket which will normally and regularly attain 
the record altitudes of the best sounding balloons. In other words, 
rockets with a vertical range of a minimum of 10 and a maximum of 25 
miles above sea level. 

It is probable, as will become apparent later on, that such rockets could 
be designed, tested, and finally produced without an undue amount of 
preliminary research, especially since the first experimental design could 
be based upon the rather large amount that has been done along these 
lines in foreign and, at present, enemy countries before Hitler’s rise to 
power. It is furthermore probable that the price of such rockets would 
be low while the expenditure required for one ascent would compare 
favorably with the price of a sounding balloon. 

Fortunately the performance of a rocket—what may be called the 
“natural” performance—is favorable to the intended use as an instrument 
carrier. The instruments will not be subjected to shocks of any kind and 
special designs will, therefore, not be necessary. 

A rocket ascends by means of the reaction against a stream of gases 
ejected through a downward pointing exhaust nozzle. Those gases are 
created by the rapid combustion of suitable substances, the exhaust speed 
depending mainly on the nature of the fuels used. The impulse can be 
calculated by the formula 


PxXt=mx<corP xX dt = dmx c¢ 
which, when solved for P, results in the formula 


dm 

dt 
In these formulae P stands for the recoil, ¢ for the time, and m for the 
ejected mass, while c has been chosen as symbol for the exhaust speed. 

It is obvious that the recoil varies with a variation of the ejected mass 
as well as with a variation of the exhaust speed. At the same time it is 
easy to see that an increase of the exhaust speed c is more important than 
an increase of the amount of mass ejected per second. 

When P becomes larger than the weight of the rocket, the latter i 
to rise with a steady acceleration. (Or rather the acceleration would be 
steady if the rocket maintained its original weight.) But the steady con- 
sumption of fuel causes a steady decrease in weight which results in an 
increased acceleration if the factors c and dm/dt remain the same, in other 
words, if the thrust does not fall off. It may be added here that this is 
the condition that usually prevails, the thrust remains the same until the 
supply of fuel is exhausted. Both acceleration and speed of ascent are, 
of course, modified by the action of air resistance which leads to very 
interesting relationships as will be shown later. 

At any event, the rocket will rise—generally speaking with slowly 
increzsing acceleration—until the fuel supply is exhausted. This is known 
as the ascent under power at the end of which the rocket has attained the 
highest speed of the whole ascent. Because it then has a considerable 
kinetic energy the ascent under power is followed by the “free ascent” 
which continues with steadily decreasing speed until the kinetic energy 
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of the rocket has been used up by the combined actions of air resistance 
and gravity. If the ascent of a rocket be compared with the ascent of an 
antiaircraft shell the ascent under power is the equivalent of the part 
of the shell’s trajectory that is inside the gun barrel while the “free 
ascent” compares with the real trajectory from the muzzle to the peak of 
the altitude reached by the shell. The descent that follows afterwards is a 
normal free fall, unless broken by means of a parachute. 

The instruments of our hypothetical rocket would not have to stand a 
higher strain than that caused by the acceleration of the rocket, an accele- 
ration which is not very high, well within the limits of strains caused 
by ordinary use. 


PRELIMINARY EXPERIMENTAL WorK. 


Systematic rocket research was carried out for the first time more than 
a century ago by the British general Sir William Congreve. It led to 
the introduction of the British bombardment and incendiary rockets which 
bore Congreve’s name. After the successful and very spectacular use of 
these rockets against Boulogne, Copenhagen, and Danzig the “new” 
weapon (actually incendiary rockets had existed as far back as 1250 A.D.) 
was imitated by virtually every other country in Europe and also by 
the United States. Since Congreve succeeded in keeping the secret of the 
manufacture of his rockets (there is reason to suspect that he created a 
few additional “secrets” where none existed) each Ordnance Department 
had to conduct its own research. But while the period of the war rockets 
of the nineteenth century is a highly interesting chapter in military history, 
the research then conducted can not very well be termed scientific; it 
was pure craftsmanship, the improvements were created by the trial and 
error method. 

The first man to conduct scientific rocket research in the modern sense 
of the word was Dr. Robert H. Goddard who began his career as a 
rocket researcher by improving the United States Army signal rockets 
during World War I. Doctor Goddard worked with various powders 
and powder mixtures as rocket fuels for some time; this part of his work 
has been described in his book A Method of Reaching Extreme Altitudes.* 
Later Doctor Goddard began to work with liquid fuels for rockets; a 
kind of preliminary account about this phase of his work was published 
under the title of Liguid-Propellant Rocket Development * in March 1936. 

While this work was in progress nothing authoritative was published 
about it, so that the experiments of European experimenters, carried out 
over the same interval of time, roughly from 1929 to 1933, were not at 
all influenced by Dr. Goddard’s results and methods. Of these many 
Furopean experiments, which were carried out by an astonishingly large 
number of individuals, firms, and organizations, only two series of rocket 
tests are important since all the others either gave up too quickly after 
preliminary failures or else lacked the funds or facilities to carry on until 
fairly conclusive results were obtained. These two series of importance 
are the experiments of Dr. Eugen Sanger of Vienna, made mostly at Vienna 
University, and the experiments of the German Verein fur Raumschiffabrt 
(German Rocket Society), carried out on the society’s own proving ground 
near Berlin. Dr. Sanger’s experiments were made mostly during the years 
of 1930 and 1931 while the experiments of the VfR were begun in 1930 
and continued without interruption until Hitler became chancellor of 
Germany. 





1 Smithsonian Misc. Coll. Vol. 71, No. 2, 1919. 
2 Smithsonian Misc. Coll. Vol. 95, No. 3. 
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Dr. Sanger worked with light fuel oils and gaseous oxygen under very 
high pressures, up to 300 atmospheres, and after a few preliminary experi- 
ments arrived at a kind of standard design for his “rocket motor.” It 
was made of steel and spherical in shape with a very long exhaust nozzle 
attached at one side. A second steel shell surrounded the spherical “com- 
bustion chamber” and that part of the exhaust nozzle closest to the com- 
bustion chamber, the so-called throat. The fuel oil was forced into the 
space between the outer shell and the combustion chamber and entered 
the latter through a fine injection nozzle. The oxygen line went from 
the tank directly into the combustion chamber, passing through the outer 
shell. The fuel thus acted as fuel as well as a cooling agent. Such rocket 
motors produced steady runs of more than 20 or even 25 minutes with a 
recoil of about 60 pounds. 

Dr. Sanger only performed test stand runs; he never progressed to the 
design of an actual rocket. 

The first phase of the work of the VfR bore a natural resemblance to 
that of Dr. Sanger. There also were some preliminary designs of different 
shapes and sizes and there also emerged a best type which then became 
more or less standard. The VfR used liquid oxygen only, since com- 
pressed gaseous oxygen could not very well be carried in a rocket because 
of the great weight of a suitable container. The rocket motors were 
made of spun sheet aluminum and the parts welded together. The shape 
of the combustion chamber can best be described in saying that a sphere 
was cut in halves and a cylinder two radii high was inserted between the 
two hemispheres. The exhaust nozzle was comparatively short and the 
cooling jacket surrounded the whole motor, being welded to it around 
the muzzle of the exhaust nozzle. The diameter of the combustion cham- 
ber was approximately 55 millimeters and the whole motor did not weigh 
more than 120 grams, about 414 ounces (before the valves were attached). 

This type was designated as “160/32” which meant that it consumed 160 
grams of gasoline and liquid oxygen per second, delivering a thrust of 
32 kilograms (about 70 pounds). Actually most motors were “150/30;” 
the designation had been taken from one of the first models which hap- 
pened to be somewhat more powerful than the later average. 

Most of the early difficulties encountered were caused by the lack of 
experience in handling liquid oxygen; as soon as several members of the 
experimenting crew had acquired some practice it was easy to run off 
up to half a dozen tests per day. The fuel used was ordinary low-octane 
gasoline; since rockets prefer “knocking” fuels benzene might have been 
better. It was tried pat once with the anticipated result: it got stuck in 
valves and pipelines because of its high freezing point and the close 
vicinity of the ultra-cold liquid oxygen. Alcohol, theoretically almost as 
good as gasoline for rockets, was repeatedly tried later and performed 
satisfactorily. It was mainly a kind of inertia which caused the majority 
of all tests to be conducted with gasoline as a fuel. 

After sufficient experience with rocket motors on the test stand the 
first rockets were built. They consisted essentially of two tanks, one 
for the fuel and the other for the oxygen, a rocket motor which had 
been tested on the test stand at least twice (later three times), and a 
container for the parachute. The tanks consisted of seamless magnesium 
alloy tubing, known under the trade name of Elektron, welded at both 
ends. The inside diameter was 35 or 45 millimeters, depending on the 
size of the rocket, and their length was sufficient to hold enough fuel 
for a 45-second run. For reasons that will be explained presently the 
tanks could not be charged to full capacity. 


Thin aluminum tubes ran to the bottom of the tanks at one end and to 
the injection nozzles of the combustion chamber at the other end. Some- 
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where between tank and rocket motor (the precise place again differing 
with the model) the feed lines were blocked by valves which had to be 
closed against powerful springs; as soon as the pins holding them were 
removed the valves snapped open. 

When a rocket was to be tested the gasoline tank was filled first, to less 
than a third of its full length. The remaining space was filled with 
compressed nitrogen gas. The space between cooling jacket and com- 
bustion chamber was filled with water and the filling hole closed by a 
loosely fitting plug which often had a center hole. The last job, after 
inserting a pyrotechnic firing capsule into the nozzle was to fill the oxygen 
tank to about two-thirds of its full length. It was sealed with a tightl 
fitting plug and the oxygen quickly built up pressure inside the tank whic 
could be read off a small pressure gauge. When the pressure inside the 
oxygen tank equalled the nitrogen pressure in the gasoline tank—30 
atmospheres—the firing capsule was ignited electrically. Undisturbed it 
would have burned for 10 seconds, but immediately afterwards both valves 
were released and snapped open. The stream of oxygen and gasoline 
droplets caught fire immediately which blew the firing capsule out of 
the nozzle. The rocket began to rise about a quarter of a second later. 

At the peak of the flight a small parachute was forced out of its con- 
tainer by a timing mechanism which had been set according to calculation 
and had been started automatically by the passage of the rocket through 
the launching rack which consisted of a simple structure of aluminum 
angles and was about 20 feet high. 

The first rockets of this type had a pulling rocket motor and both 
tanks side by side, with the parachute container attached to the lower 
ends of the tanks. But because of the unequal weight of the tanks these 
rockets tended to assume a horizontal position after a few seconds of fairly 
straight ascent. For this reason the two tanks were later placed in line 
with the parachute container at the bottom and the rocket motor set in a 
four-pronged fork (two of the prongs were the fuel and oxygen lines) at 
the top. These rockets performed well, reaching an altitude of close to 
1 mile. All in all some 400 test runs were made during the three and a 
half years of experimental work and about 120 ascents. Many rockets 
were used five and six and even ten times. 


There were also some very heavy models, the largest weighing 125 
kilograms fully fueled, but there is no need to discuss these models here 
since they can not be regarded as a prototype of a meteorological rocket. 

But a few words of explanation for the bottom position of the parachute 
may be in order. When the rocket is in free ascent it is under no accele- 
ration whatsoever, nor is it during the descent, when it follows the gravi- 
tational attraction of the earth freely. Consequently, there is hardly a 
way to operate the parachute release at the precise moment when peak 
altitude is reached. Pendulums do not work, nor do pendulum-like devices 
such as small quantities of mercury in a glass tube. Strictly speaking, there 
is a minor difference between free ascent and free descent, caused by the 
action of air resistance, but this was not considered sufficient to be reliable. 
For this reason, a clockwork mechanism was used to release the parachute, 
set to work at the calculated time interval between firing and standstill 
before falling back. But there was the possibility of error, of course, or of 
minor malfunctioning. If the parachute had been placed in the nose of 
the rocket, on top of the rocket motor, very precise functioning would 
have been required. 


If the mechanism should release the parachute three seconds too late 
while the rocket was falling back a nose parachute would hardly be effec- 
tive, for on account of the tail fins, it was to be expected that the rocket 
would turn over, falling motor first and then, in case of such a belated 
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1. Rocket motor and fuel lines; 2. Oxygen and fuel tanks, 3. Space 
for steering device if needed; 4. Space for instruments; 5. Fins; 
6. Space for parachute and ejecting mechanism. 
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release, the rocket would fall into its own parachute, presumably wrapping 
itself up in the parachute. The same would happen if the timing mech- 
anism should release a nose parachute while the rocket was still climbing. 
None of these dangers existed with a tail parachute. If it were released 
too early it would just have cut down the total altitude; if it were released 
too late nothing at all could happen. Consequently, a tail parachute was 
— exclusively and the releasing mechanism set for a slightly belated 
release. 


A MErTeorOLocIcAL RocKET. 


These experiments permit a preliminary design of a meteorological rocket 
which would consist, beginning at the top, of a rocket motor similar to the 
type described, a tubular oxygen tank, a tubular fuel tank, an additional 
tubular container to house the meteorological instruments, the parachute 
with releasing mechanism, and, if pom a steering mechanism. 

So far only the last of Doctor Goddard’s rockets had a steering mech- 
anism, presumably consisting in the main of a small gyroscope and acting 
on movable vanes to prevent deviations from a vertical ascent. Films 
taken of these experiments show that the steering mechanism functioned 
well. The rockets of the VfR did not have steering mechanisms because 
they proved to climb almost vertically just because of the arrangement of 
the component parts. (Doctor Goddard’s last rockets had a pusher motor, 
situated at the bottom of the rocket.) If meteorological rockets with a 
nose drive, as the pulling motor is usually called, will require a steering 
mechanism or not, can hardly be decided without experiments. 

If they do not need a steering mechanism it will be a saving in weight 
as well as in price. If they do, it would not be difficult to develop yn 4 a 
mechanism. It can be very simple because it would have to work for 
only a few minutes and would not need to be more accurate than to 
prevent deviation from the vertical line of more than 5 degrees. Similar 
mechanisms for airplanes are much more accurate and work for many 
hours, but are much too heavy. 

The instruments would have to be such that they fit into a tube 
about 4 inches in diameter, of any required length, and must not weigh 
more than one kilogram or 2.2 pte Judging from the instruments 
carried by sounding balloons the available space as well as the weight limit 
are more than ample. The whole arrangement would be such that the 
rocket, when returning, is suspended from the instrument cage by a thin 
rope some 30 feet long, while the instrument case is suspended from the 
parachute. The rocket would then touch the ground first and relieve 
the parachute of its weight for an additional drop of 30 feet which would 
cause the instrument cage to touch the ground with a very low fallin 
speed. Because of this it would be possible to operate with a fairly hig 
falling speed for the whole assembly, which would help to cut down drift. 
The ascending rocket will not be subject noticeably to drift, unless the 
ascent takes place in a high wind. 


CoMPUTATION OF PROBABLE ALTITUDES. 


In order to compute the altitudes that can be attained by such rockets it 
was necessary to assume a specific model and to calculate its performance 
step by step. 

in purposes of comparison two such rockets were assumed, both of 
dimensions much smaller than rockets actually built in the past. These 
rockets were called Type I and Type II. Type I was assumed to weigh 
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9 kilograms empty, which includes the parachute, et cetera, to hold 10 
kilograms of fuel and oxygen, and to carry instruments weighing 1 kilo- 
gram. The fully fueled rocket would then weigh 20 kilograms, its diam- 
eter would be 100 millimeters, about 4 inches. 

Rocket Type II was assumed to have a diameter of 120 millimeters, to 
weigh 20 kilograms empty, hold 20 kilograms of fuel and oxygen, and 
carry 6 kilograms of instruments. 

The ratio between oxygen and fuel would depend on the nature of the 
a Pn the case of gasoline the equation for complete combustion reads 
as follows: 


1 kg. C,H,, + 3.5 kg. O, = 4.5 kg. CO, and H,O and in the 
case of alcohol: 
1 kg. C,H,O + 2.08 kg. O, = 3.08 kg. CO, and H,O The exhaust 


gases are harmless in either case, consisting of carbon-dioxide and water 
vapor. The theoretical exhaust speeds for these two cases are 4450 meters 
per second for gasoline and oxygen and 4180 meters per second for alcohol 
and oxygen. During the VfR experiments an exhaust speed of 2000 
meters per second was attained regularly and sometimes 2200 meters per 
second. Dr. Sanger reported exhaust speeds over the. range from 2500 
meters per second to over 3000 meters per second.* The exhaust speed 
of both rockets, Type I and Type II, was assumed to be 2000 meters per 
second in some calculations and 2500 meters per second in others. 

It was assumed that the fuel consumption would be constant and that 
the thrust P would, consequently, be constant too. The initial accelera- 
tions were assumed to be 1 g, 2 g and 4 g, respectively. Even the highest 
thrust required in these assumptions has been surpassed experimentally. 

The ascent was calculated in the following manner: 

Air resistance according to Siacci ‘ 


D = 338 & R*? Kix ¥ X f (v) 
Air density according to the Hohmann formula.® 
The factor i — 1.2° 


Ascent under power: 
(P—W--D) 


Acceleration a — 7 x g. 
Speed v, = v, + ea v 
Altitude s, = s, +“ la I = 


Free Ascent: 





us: 2g 
a= V v7 — W, (h, — h,) xX (D + W,) 


Explanation of symbols: 
D in kilograms Air resistance. 
R in meters Radius of rocket. 





3 In Raketen-Flugtechnik (Munich 1933) and in personal correspondence. 
* Cranz and Becker: Ballistics. 
5 Die Erreichbarkeit der Himmelskorper, Munich 1925. The formula 
reads : ¥/ Yo — (1 — h/400,000) **, 
* for shells i — .865. 





| 10 
cilo- 


, to 
and 


the 
ecads 


aust 


ater 
ters 
vhol 
2000 

per 
2500 
eed 

per 


that 
era- 
hest 
ally. 


NOTES. 315 
$= 12 
y in kg/m* Density of the air. 
f (v) According to Siacci (Cranz-Becker: Ballistics). 


a in m/sec?’ 

a, in m/sec? 

v in m/sec 

Ss in meters 

hb in meters 
H=—s -}- bh 
P in kilograms 
W in kilograms 
W,, in kilograms 
W, in kilograms 
t in seconds 


Acceleration. 


Effective acceleration at beginning of ascent. 


Speed of rocket at any given moment. 
Altitude attained under power. 

Altitude attained “free.” 

Total altitude. 

Thrust. 2 

Weight of rocket at any given moment. 


“Take-off weight” of rocket. 
Weight empty, but including instruments. 
Time. 





Z Assumed to be the same at any altitude attained by 

rocket with the value of 9.81 m/sec’. 

The computation of the ascent under power was made with intervals 
of At — 2 seconds. For this interval W, y and f(v) were assumed to 
be constant with the value which is correct for the first instant of this 
interval. The error thus created is very small and has the tendency to 
cancel out during the computation. The free ascent was calculated with 
intervals (of altitude) of (b, — h,) = 500 meters. The variables were 
treated in the same manner. 

The results of these rather tedious computations are condensed in the 
following two tables: 


Taste I. 
W, = 20 kg; W, = 10 kg; Wr = 10 kg; R = 05 m. 
The symbols are the same as used in the formulae, with the following 
additions: 
Wr Weight of fuel and liquid oxygen. 
G, Fuel (and oxygen) consumption per second. 
Umax Highest velocity attained by the rocket during the ascent. 
T Time required for complete consumption of fuel and oxygen. 
H= 

# c a, P G, T Umax s bh s+h 

(m/sec) (m/sec?) (kg) (kg/sec) (sec) (m/sec) (km) (km) (km) 


1. 2000 lg 40 196 51.0 460 12.9 7.2 20.1 
2. 2000 2g 60 294 34.0 515 10.2 7.1 17.3 
3. 2000 4g 100 491 20.4 590 7.2 70 14.2 
4. 2500 lg 40 157 63.7 575 18.7 12.2 30.9 
5. 2500 2g 60 236 42.5 625 14.7 11.3 26.0 
6. 2500 4g 100 392 25.5 695 10.3 10.3 20.6 


Table la—Case No. 5 under the assumption that the rocket is fired from 
the top of a high mountain instead of sea level. 

5a* 2500 2g 60 236 42.5 790 208 226 43.4 

Sbt 2500 2g 60 236 42.5 830 223: 26M) 487 


* Height of mountain assumed to be 4 km in case No 5a. 
+ Height of mountain assumed to be 5 km in case No. 5b. 
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Taste II. 
W, = 46 kg; W, — 26 kg; Wr — 20 kg; R = 06 m. 


= 


# c a, P G, T Oris Ss b H 

1 2000 lg 92 451 44.4 465 10.8 78 18.6 
2 2000 2g 138 676 29.6 545 8.8 9.1 17.9 
3. 2000 4g 230 1.130 17.7 640 6.2 9.5 15.7 
4. 2500 lg 92 361 55.4 560 15.8 12.3 28.1 
5 2500 2g 138 541 57.0 650 12.8 14.5 27.3 
6 2500 4g 230 .902 22.2 745 9.0 14.0 23.0 


It can easily be seen that the exhaust speed c and the time of burning are 
the most important factors influencing the performance. Rockets of 
equal weight with an exhaust speed and a burning time one quarter larger 
and longer than that of other rockets attain altitudes some 40 per cent 
higher. This holds true for rockets of about the size of the assumed 
types only. 

If the rockets were to ascend in a vacuum it would hold generally true 
that the rocket ascending with the highest acceleration would reach the 
highest altitude. 


Precisely the reverse is true for meteorological rockets. The Tables 
show that the lowest altitudes in each case belong to the rockets which 
start out with an acceleration of 4 g’s. The highest altitudes in each 
case belong to the rockets starting out with the lowest acceleration. The 
reason for this performance is the action of air resistance. High accelera- 
tion rockets reach a high speed when still comparatively low above the 
ground and they, therefore, encounter a high air resistance in compara- 
tively dense layers. Low acceleration rockets do not attain high speeds 
until they have reached comparatively high altitudes where the air is 
less dense. 

But even the slowest (and highest) climb does not take longer than a 
maximum of two minutes, as compared to at least half an hour for 
sounding balloons. 


Another interesting point is the behavior of the heavier rockets of 
Type II. When compared with the lighter rockets of Type I the heavier 
rockets do not quite attain the same peak altitude when the acceleration is 
only 1 g at the beginning of the powered ascent. But those that start out 
with accelerations of 2 g’s and 4g’s, respectively, get higher than the 
lighter rockets accelerating at the same rate. They get higher, that is, if 
we look only at the last column of figures in the tables, showing the total 
altitude. They do not get as high as the others during the powered ascent. 
But, being heavier and possessing a higher kinetic energy, they show a 
greater power of penetration and thereby make up for their lower- 
powered altitude by a longer free ascent. This shows that weight-saving 
is not quite as important as may be thought at first glance. If the weight 
of Type I, for constructional reasons, should turn out to be 25 kilograms 
instead of 20 kilograms the loss in peak altitude would be less than 
might be expected. 
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There is little reason, therefore, to cut down on the instrument load if a 
compact and accurate set of instruments should turn out to weigh 2 
kilograms instead of 1, or if a more reliable steering mechanism could be 
built in allotting 3 more kilograms to it than it should weigh. However, 
either of these cases is not very likely to occur. 


Going back to the Tables, there can be little doubt that the type to be 
chosen for experimental development would be the lighter Type I rocket, 
equipped with a rocket motor delivering an exhaust speed of 2500 meters 
per second and rising with an acceleration of 2g’s. The authors of this 
article are in favor of 2 rather than 1 g since it is likely that a 2-g rocket 
might be able to do without a steering mechanism while a 1-g rocket pre- 
sumably may need it. This would be the rocket of Table I, case 
Number 5. 


Since this looks like the most likely type, two additional computations 
for this rocket were made to find the peak altitude above sea level if 
the rocket were released from the top of a high mountain instead of from 
sea level as assumed in the other calculations. 


If the mountain were 4000 meters high the peak altitude would be 43,400 
meters, a little over 140,000 feet. If the mountain were 5000 meters high 
the peak altitude would be 48,700 meters, or about 160,000 feet. 


It is of great interest to learn what shift of the numerical values of 
speed, acceleration, et cetera, took place during the ascent. For this 
reason the Tables representing the original calculations were converted 
into diagrams. The diagram » Be the (three) curves for the accelera- 
tion shows that the acceleration increases because of the reduction of 
weight of the rocket (due to fuel consumption) as long as the speed 
and, consequently, the air resistance, is low. But when the speed of the 
rocket approaches 1000 feet per second the acceleration begins to drop. 
This drop is most pronounced for the rocket with an initial acceleration 
of 4 g’s and proportionally less pronounced for the two others. The 
4-g rocket is only 1100 meters above the ground when it approaches that 
critical speed, while the 1-g rocket does not approach it until it has 
climbed to 4500 meters. 


Theoretically it is possible that, in the case of a poorly designed rocket, 
the acceleration will drop to zero; as a matter of fact it does happen to 
powder rockets which have a very high initial acceleration. In that case 
the power of the rocket motor shows only to the extent that it prevents 
the speed from dropping, while acceleration is at zero. But as long as 
the rocket is making a vertical ascent this state can be of short duration 
only, since the weight of the rocket and the density of the air are 
steadily diminishing. There can be no negative acceleration as long as 
the rocket motor is working; the worst that can happen is zero ddaden- 
tion with constant speed, but even this would cut the peak altitude down 
enormously. 


CONCLUSION. 


It is believed that these calculations present a strong case for rockets 
as instrument carriers for meteorological research. ell-designed liquid 
fuel rockets of this type will be simple in construction and easy to handle 
after a little practice. They will be able to carry higher instrument loads 
than sounding balloons. They will be able to reach the peak record alti- 
tudes of sounding balloons regularly and do so within 2-3 minutes after 
take-off. The drift during the ascent will rarely approach 1 mile, nor- 
mally it will be less than half a mile. 
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a Nothing can be done about the drift during the parachute descent, but 
> there are ways of facilitating the discovery of the instruments. It would 
be be easy to incorporate some kind of pyrotechnic device which releases 
I, smoke clouds at regular intervals during the descent. Also there exist 
small and light radio devices, running on flashlight batteries, which pro- 
be duce a humming sound in the earphones of the search crew and permit 
et, triangulation. 
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JET PROPULSION.—This editorial from Engineering (London), 
January 14, 1944, gives some of the background of recent press releases 
regarding jet-propelled aircraft. 


During the last war, many and notable technical and scientific advances 
were made in British design offices, factories and laboratories, the disclo- 
sure of which induced comforting reflections that this country still re- 
tained that skill in making and doing which had been responsible to so 
great an extent for the national prosperity in the latter part of the Nine- 
teenth Century, and the early years of the Twentieth. After the war, 
however, there followed a long period in which industrial depression at 
home interfered with further developments; while, abroad, those countries 
which had suffered most severely in their industries during the war years 
found themselves obliged to work with their utmost vigor to build up 
anew a healthy manufacture and an export trade. Some of them, Germany 
in particular, discovered that good and relatively easy money was to 
be made by selling licenses to construct plant in countries where they 
would have experienced difficulty in selling: the completed articles; and 
Britain became one of their best customers in this profitable line of business. 
As a result, there grew an impression that British science and British 
technical skill were on the wane; and although those who knew the facts 
were well aware that, in many cases, much of the good repute in which 
the foreign types came to be held was really due to the development work 
carried out by the British licensees on their own initiative and at their 
own expense, the general public did not appreciate this all-important fact. 
Thus the impression persisted and.spread, so that it became almost impos- 
sible to sell some British products in any quantity against the competition 
of the corresponding foreign articles, even where price was not a ruling 
factor. It must have been very heartening to the German Air Mission, 
under General Milch, which visited the British “shadow factories” before 
the present war, to see how extensively they were equipped with German 
tools and apparatus. 

The disbelievers in British capabilities received a salutory awakening 
when the Battle of Britain first demonstrated on a really impressive scale 
the quality of British fighter aircraft and their engines and, by implication, 
of the brains and skill that made them possible. There were other re- 
minders, at various stages in the war, that foreign countries had no 
monopoly of either qualification—the conquest of the magnetic and 
acoustic mines, the development of radiolocation, and the evolution of 
new guns, new explosives, and aircraft of even higher performance, in some 
respects, than those which had confounded the Luftwaffe in 1940; but 
the tendency to underestimate the native abilities of British technicians 
seems to be so deep-rooted that repeated new fillips to the imagination 
appear necessary if the old doubts are not to reassert themselves. 

That fillip was provided in no uncertain fashion, a week ago, by the 
announcement that the jet propulsion of aircraft, so long an elusive dream, 
was an accomplished fact, thanks to the genius and the persistent endeavors 
of a British inventor—and, at that, a serving officer in one of the fighting 
Services, backed by the influence which only a Government department 
can exert. Why the story of Group Captain Whittle’s long years of 
research and his ultimate triumph should have been released in the way it 
was, and when it was, may be eventually disclosed; but none of the many 
questions which the “disclosure naturally suggests can affect in the least 
the fundamental fact that he has initiated a development that may be of 
decisive importance in the war and may take rank, in the opinions of 
future judges, with the pioneer work of any of those of his fore-runners 
who devised and developed the reciprocating internal-combustion engine, 
and perhaps even with that of Parsons on the steam turbine. 
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The announcement was made simultaneously in London and Washing- 
ton, on the evening of January 6; by the Air Ministry and the Ministry 
of Aircraft Production in this country, and by the War Department in 
the United States. It stated simply that “jet-propelled fighter aircraft 
have successfully passed experimental tests and will soon be in produc- 
tion,” and proceeded to outline the course of the development of this 
new aircraft engine and the machine in which it was tried. Group Cap- 
tain Whittle’s interest in the subject of aircraft propulsion was aroused in 
1930, when he was taking an instructor’s course at the Central Flying 
School, but it was not until 1933 that he began work on the first engine. 
Four years were spent in this preliminary development, but he achieved 
his aim and the first engine ran successful trials in April 1937. The Air 
Ministry was aware, of course, that the experiments were in progress, and 
decided, in 1939, to construct an aircraft to be propelled by the Whittle 
engine. The order was placed with the Gloster Aircraft Company, Lim- 
ited, the engines being built in a special factory by Power Jets, Limited, 
to whom Grou Captain Whittle was lent by the Royal Air Force. The 
first successful flight was made in May, 1941, the pilot being the late Flight 
Lieutenant P. G. Sayers, chief test pilot of the Gloster Aircraft Company. 
The official statement observed with reason, at this point in the narrative, 
that “the greatest credit should be given to Group Captain Whittle for 
this fine performance, for it was his genius and energy that made this 
possible”; to which might be added an appreciation of the part played by 
Flight Lieutenant Sayers in taking up a machine which must have differed 
widely from any that he had ever flown. 

Two months later, to continue with the official statement, full infor- 
mation about the new engine was disclosed to General H. H. Arnold, 
commanding the United States Army Air Force; who, realizing its possibil- 
ities, asked at once for a specimen to be sent to the United States. The 
engine which had made the first flight was sent to the works of the Gen- 
eral Electric Company in September, i941, and there a number of similar 
engines were built, the first being completed in less than six months. At 
the same time, the Bell Aircraft Company were given an order for an 
aircraft to be powered by two of the engines. The first flight in the 
United States was made in less than a year from that date. Since then, 
it is stated, several hundred successful flights have been made in this 
country and in America, “many of them at high altitudes and extreme 
speed, all without a single mishap.” Plans have now been made for the 
production, in both countries, of a sufficient quantity of jet-propelled air- 
craft to enable them to be used for training purposes, and a number of 
these machines will be allotted to the United States Navy for additional 
experiments. 


The first American-built machine made its initial flight on October 1, 
1942, this being also the first flight to be made by a jet-propelled combat 
aircraft. It was piloted by Robert M. Stanley, chief test pilot of the 
Bell Aircraft Company. On the following day, Brigadier-General (then 
Colonel) a C. D. Craigie made military history by being the first 
Army officer to fly a jet-propelled machine. In the United Kingdom, 
jet-propelled aircraft have been flown by many officers of the Royal Air 
Force and by a number of test pilots of aircraft-building firms. 

Naturally, no details have been given of the design of either aircraft or 
engine, nor of their performance, other than the statement that many 
flights have been made “at high altitudes and extreme speed.” Since the 
propulsive reaction is created within the machine, and does not depend 
upon the ability of propeller blades to “grip” the air, the new type of 
engine should be particularly suitable for high-altitude flying; but, as the 
rate of discharge of the gas constituting the iet depends upon the rate at 
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which the fuel is burned, and so upon the rate of air intake, a com- 
pressor is an essential feature. This much may be deduced, in fact, from 
the remarks contributed by Group Captain (then Squadron Leader) 
Whittle to the discussion on Dr. Adolf Meyer’s paper on “The Combus- 
tion Gas Turbine: Its History, Development, and Prospects,” read before 
the Institution of Mechanical Engineers on February 24, 1939. 

Group Captain Whittle remarked that neither Dr. Meyer nor the pre- 
vious speakers in the discussion had said much about the gas turbine in 
relation to aircraft, which he regarded as the most hopeful field for it; 
because of the increase in its overall efficiency and in the power per 
pound of air per second, in rising from the — to the stratosphere; 
for example, assuming a turbine efficiency of 85 per cent and a com- 
pressor efficiency of 70 per cent, a maximum temperature of 1100 degrees 
C. absolute, and an adiabatic temperature rise in the compressor of 200 
degrees, C., the overall efficiency at ground level would be 18.45 per 
cent and the brake horsepower per pound of air per second would be 
59.3; but, at 35,000 feet, the efficiency would be 27 per cent and the brake 
horsepower, 98.5. Of course, the total power output fell off, due to the 
reduced air density; but so did the power required for a given flying 
speed. The overall efficiency of a reciprocating internal-combustion en- 
gine, however, fell off to such an extent that an unsupercharged engine 
could hardly overcome its own mechanical losses at 40,000 feet. The big 
flying boat had reached a point, Group Captain Whittle continued, where 
it was limited in development by its power plant; at present (1939), no 
suitable engine would produce more than 2000 Hp. in one unit, although 
power units with an output of 5000 Hp. to 10,000 Hp. were needed. 
Moreover, there were, as was well known, strong arguments in favor of 
fiying at very great heights. The combination of these two factors resulted 
in a demand in the aeronautical world for efficient gas turbines. 

It is known that experiments with jet propulsion, along these general 
lines, were in progress in Germany, Italy and France some years ago. 
The Italian machine, the Caproni-Campini, flew, though its performance 
compared badly with that of machines with more orthodox power plants. 
The advantages offered by successful jet-propulsion are so great, however, 
that it is a safe assumption that interest on the Continent has not relaxed, 
even though the construction of actual aircraft may be in abeyance. These 
advantages include not only the higher efficiency mentioned above, but 
also improved aerodynamic efficiency of the aircraft; smaller and lighter 
landing gear (the lofty under-carriages of aircraft are only necessary to 
prevent the large-diameter propellers from striking the ground); and a 
power plant that should be relatively simple to manufacture. There are 
disadvantages also, no doubt, but it is equally certain that they will be 
reduced in time. Even as it is, however, the jet-propulsion motor appears 
to have possibilities for other applications than in aircraft, though this 
seems to be the most promising. Engineers and scientists alike will watch 
its further development probably with even more interest than they have 
accorded to aircraft in past years. 
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THE PRACTICAL DESIGN OF WELDED STEEL 
STRUCTURES, sy H. Matcotm Priest. PuBLISHED BY THE 
AMERICAN WELpING Society, 33 West 39TH St., New York, 
18, N. Y. 


This small volume brings up to date a paper published by 
the author in 1933. It is a reprint of a paper published in Sep- 
tember, 1943, with additions from another article by the same 
author. 


Beyond mentioning the author and publisher, little need be 
said about the book. It is short, terse, understandable, readable, 
and covers the field thoroughly. Where details of codes or 
specifications are required to complete the presentation, a 
specific reference is made in the text. So, also, where space 
does not permit in the scope set for himself by the author and 
he feels that the reader might wish or need to pursue the item 
further, a suggestion as to additional reading is inserted. 


In all a very valuable book. 





THE RADIO AMATEUR’S HANDBOOK. Puvustisuep sy 
THE AMERICAN Rapio Retay Leacue, Inc., West Hartrorp, 
Connecticut. $1.00. 


The 1944 edition of this well known publication is now 
available. This is the 21st Edition. It is devised to meet the 
conditions of 1944, a period of total war and is a distinct con- 
tribution to the war effort. 


The volume has gotten larger than its predecessors because 
of the need for including more and more information to permit 
the Handbook to fulfill its mission. To meet wartime needs, 
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the editor has in his own words put some emphasis on the “How- 
it-Works” part of the book than on the “How to Make it.” 


There are 169 pages devoted to “Principles and Design,” 213 
pages on “Construction and Data” and 8 on “Operating and 
Traffic.” 


LANGE’S HANDBOOK OF CHEMISTRY. Compicep anv 
Eprrep By Norsert ApotpH LANGE, PHD. PusBLisHep By HANp- 
BOOK PuBLisHERS, INc., SANDUSKY, OHIO. 


This is the fifth edition of Lange’s well known tool for the 
scientific worker. The work has been revised and enlarged. 
Included are the following tables which were not a part of the 
previous edition: 


Periodic Table (Deming) 

Flammable Liquids 

Flame Temperatures 

Plastics 

Fluorescence of Chemicals, Minerals and Gases 
Water for Industrial Use 


In addition, thirteen tables have been extended or completely 
rewritten. The most important of these is the complete revi- 
sion of the table of Physical Constants of Organic Compounds 
which has been increased to include 6507 compounds with a 
corresponding list of more than 3500 synonyms. 


The task of revising and reprinting this manual in wartime 
merits the thanks and welcome reception of the scientific world. 
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